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ABSTRACT 
Objective: The goals of this dissertation project were to understand malaria 
transmission dynamics in two diferent setings in Zambia. The specific aims in 
Nchelenge District, an uncontroled transmission seting, were to describe the 
individual-, household- and environmental-level risk factors for malaria (Paper 1); 
and to generate and validate seasonal malaria risk maps (Paper 2). The specific 
aims in Macha District, a low transmission seting, were to describe factors 
associated with sustained bednet use (Paper 3), and determine the eficiency of 
reactive case detection and focal drug administration in treating infections missed 
by passive surveilance (Paper 4). 
Methods: Both sites are part of the International Center for Excelence in Malaria 
Research (ICEMR) for southern Africa. Satelite images are used to generate 
sampling frames, and households randomly selected for enrolment. 
Questionnaires, blood samples, mosquitoes and GPS coordinates are colected. 
Multilevel models with random efects were built for the odds of RDT positivity in 
Nchelenge District (Paper 1). Logistic regression and prediction models were 
used to create seasonal malaria risk maps and validated using RMSE in 
Nchelenge District (Paper 2). A multi-level longitudinal model with random 
intercepts was generated to determine factors associated with bednet use in 
Macha District (Paper 3). A simulation model was constructed to predict the 
distribution of RDT and PCR cases of malaria, to determine the eficiency of 
reactive case detection and focal drug administration in Macha District (Paper 4). 
Results: Age, report of symptoms, and proximity to certain ecological features 
increased risk of malaria infection, and varied by season (Paper 1). Risk maps 
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accurately predicted household malaria risk; prediction was best in the rainy 
season and for smaler households (<4 members) (Paper 2). Several factors 
including presence of nuisance mosquitoes and distance to healthcare facilities 
afected reported bednet use (Paper 3). Reactive case detection identified and 
treated RDT positive cases that cluster around index households; focal drug 
administration would treat PCR positive RDT negative cases missed otherwise 
(Paper 4). 
Conclusions: In high transmission setings, spatial targeting of high-risk areas 
and populations is necessary to reduce malaria transmission; risk maps and 
school-based interventions may be suggested. In a low transmission seting, 
sustained use of personal protective measures and implementation of active 
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1. Introduction 
1.1 Global Malaria Control Strategy 
Malaria is a parasitic infectious disease responsible for an estimated 
655,000 deaths in 2010, 91% of which were in Africa (1). Transmission has 
declined globaly; 59 out of 103 countries with ongoing transmission in 2000 are 
projected to meet the Milennium Development Goal (MDG) target of reversing 
the incidence of malaria (2). With these successes, a renewed cal for global 
malaria eradication has been supported by the Bil and Melinda Gates 
Foundation, World Health Organization (WHO), and, more recently, the Rol Back 
Malaria (RBM) Partnership (3). Efective prevention and control measures 
include distribution of insecticide treated nets (ITNs), indoor residual spraying 
(IRS), prompt treatment of confirmed cases with rapid diagnostic tests (RDT) or 
microscopy and artemisinin combination therapies (ACT), and intermitent 
preventive therapy (IPT) for pregnant women and infants (4). The widespread 
implementation of these interventions has coincided with a decline in malaria 
transmission in some regions.  
ITN distribution is a cornerstone of malaria control eforts and one of the 
least expensive interventions available for malaria control. ITNs are nets hung 
over the sleeping area to create a barier between the sleeping individual and 
biting mosquitoes; they are treated with insecticides to additionaly kil or repel 
mosquitoes that come into contact with them. A recent meta-analysis concluded 
that in endemic areas, ITN use was associated with a reduction in al-cause 
mortality among children under five years old by a mean of 17% in the first two 
years after their introduction (5). The Global Malaria Action Plan (GMAP) has 
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caled for universal coverage with ITNs, defined as 100% coverage among at risk 
populations (6), prompting increased distribution through various mechanisms 
such as government distribution or subsidies. Starting in 2008, the ITNs that 
have been distributed are Long Lasting Insecticide Treated Nets (LLINs). LLINs 
have insecticide embedded in the net and are designed to retain insecticidal 
eficacy through at least 20 WHO standard washes and last an estimated 3 years 
(7). Between 2008 and 2010, a total of 254 milion LLINs were delivered to sub-
Saharan Africa, enough to cover two-thirds of the 765 milion persons at risk in 
the region (8).  
After ITNs, and more recently LLINs, the most common vector control 
intervention is indoor residual spraying (IRS). Scale up of IRS has increased the 
number of people protected by IRS in Africa from 10 milion to 78 milion in 2010 
(9). IRS is the application of a long-lasting, residual insecticide to the surfaces 
inside structures (wals, eaves, ceilings) that might be malaria vector resting 
surfaces (9). Thus IRS is most efective against indoor feeding (endophagic) and 
especialy indoor resting (endophilic) vectors. IRS reduces the vector’s lifespan, 
vector density, and human-vector contact, leading to reduced malaria 
transmission (9). The cost of IRS is high and targeted interventions with high 
coverage would be most cost-efective and have the strongest impact on 
transmission (9). Targeted IRS also has a community-wide benefit, protecting 
sprayed households and nearby households (10). 
 In addition to vector control activities, prompt diagnosis and treatment of 
malaria are critical to reducing transmission and pursuing elimination. Passive 
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case detection requires the least resources; it involves testing and treating 
individuals seeking care for malaria at a health facility. However, this method 
misses individuals who are asymptomatic and those who do not or cannot seek 
treatment. In low- to moderate-transmission setings, active case detection 
methods wil be necessary, such as the implementation of reactive test and treat 
or reactive case detection (RACD). This method screens and treats individuals 
within a defined radius of a passively detected index case for malaria parasites 
(11). This method is based on the observation that infections tend to cluster 
spatialy; a previous study in Zambia found that the prevalence of malaria among 
household members of passively detected cases was eight times higher than 
randomly selected control households (12).  
Curent testing is done with RDTs; they are inexpensive, provide results in 
15 to 20 minutes, and do not require any electricity or other equipment (13). 
However, in low-transmission setings RDTs do not reliably detect low-density 
parasitemia (≤200 parasites/µL); these infections can only be detected by PCR 
with a limit for detection of parasitemia of 0.02 p/µL (13, 14). A potential strategy 
for treating these last remaining infections is focal mass drug administration 
(MDA), which presumptively treats al persons within a certain radius of the 
passively detected index cases without testing. 
Malaria transmission varies regionaly in intensity. In some setings, 
malaria is uncontroled with perennial transmission, or high morbidity and 
mortality year round. As transmission declines, in large part due to the 
implementation of the above interventions, malaria becomes more focal (15). 
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These residual foci of transmission can then be targeted to further reduce 
transmission. Recent successes in controling malaria related morbidity and 
mortality have prompted an optimistic cal for a renewed efort to eradicate the 
disease. However, it is unlikely these interventions alone wil be able to eliminate 
malaria in areas with high transmission potential. 
1.2 Study objectives and rationale  
1.2.1 Overal goals and specific aims  
The overal goal of this dissertation project was to analyze factors associated 
with malaria transmission in two setings of rural Zambia. In a high transmission 
region with inefectual malaria control, the goals were to assess factors 
associated with continued transmission, and develop a risk map to highlight high-
risk areas for targeted intervention and surveilance. In a low transmission seting 
of southern Zambia, the goal was to identify characteristics associated with 
sustained use of ITNs and to explore a simulation model to evaluate the 
eficiency of active case detection strategies and focal drug administration for 
malaria elimination. 
The folowing specific aims were addressed: 
• Specific Aim 1: Implement generalized estimating equations (GEE) to 
assess individual, household and environmental factors associated 
with RDT positivity in a cross-sectional cohort of households in 
Nchelenge District from 2012-2014. 
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• Specific Aim 2: To generate and validate a predictive seasonal risk 
map of malaria and a map of model uncertainty based on a cross-
sectional cohort of households in Nchelenge District from 2012-2014. 
 
• Specific Aim 3: To explore individual, household and environmental 
factors associated with sustained ITN use in a longitudinal cohort of 
households in Macha from 2008-2014.  
 
• Specific Aim 4: To examine the eficiency of reactive case detection for 
identifying and testing asymptomatic or sub-patent infections, and to 
determine the added impact of a focal drug administration on missed 
infections that are RDT negative but PCR positive in Macha from 2009-
2012. 
1.2.2 Rationale for specific aim 1 
 Malaria transmission in some areas remains high despite the scale-up of 
malaria control activities. Malaria transmission in Zambia varies from low in 
Lusaka Province to perennial transmission in Luapula Province (56% positive by 
RDT), ilustrating high variation within this single country (16). Research is 
necessary to determine why transmission is not declining in some areas as it has 
in other regions where the same control interventions have been implemented. 
This aim wil examine individual, household and environmental factors from a 
prospective cohort study to identify high-risk populations or areas that are 
sustaining high transmission in this region. These findings may guide the 
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development of malaria control program policy to target those at highest risk and 
modify the curent strategy to substantialy reduce transmission. 
1.2.3 Rationale for specific aim 2 
 Malaria is heterogeneous in its distribution across time and space, 
reducing the efectiveness of blanket disease control strategies (17). Advances in 
remote sensing and satelite imagery alow for highly accurate characterization of 
environmental and ecological features that are predictive of mosquito breeding 
sites (18). Mosquito breeding sites may be found in close proximity to certain 
environmental features leading to spatial variation in malaria transmission risk. 
Spatial and seasonal heterogeneity of malaria transmission remain poorly 
characterized, and many existing risk maps have limited operational use to 
malaria control activities because they are at coarse spatial resolution (national 
level or higher), based on historical data, or based on national level surveys with 
large unsampled areas (19-21). The aim for this project wil be to generate and 
validate a high-resolution, seasonal risk map and uncertainty map based on 
prospective cohort data and environmental features derived from satelite 
imagery and remotely sensed data. 
1.2.3 Rationale for specific aim 3 
Malaria elimination refers to the interuption of malaria transmission within 
a given geographic area (22). As transmission declines, there is concern that 
perceived risk also declines, coinciding with failure to sustain high coverage and 
use of personal preventive measures. Resurgence of malaria is often atributed 
to a weakening of control measures (23). As transmission fals, it is crucial to 
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maintain high coverage of vector control measures such as LLINs and promote 
their continued use (24). This study wil combine longitudinal survey data with 
qualitative data regarding LLIN use and entomological data to understand factors 
associated with LLIN use over time. The results can be used to inform malaria 
control program activities and messages in areas with low transmission to ensure 
sustained use of LLINs. 
1.2.4 Rationale for specific aim 4 
Data suggest that continued use of curent interventions may not be 
suficient to eliminate malaria. This wil require shifting the focus on treating 
ilnesses to clearing infections (14, 25). Asymptomatic malaria infections are 
increasingly problematic in low transmission setings because they go 
undiagnosed and untreated. As malaria transmission declines and is spatialy 
clustered (15), active case detection strategies are often targeted to households 
near a known case. Active case detection can involve screening and treating of 
nearby persons, or potentialy a targeted drug administration in which al nearby 
persons are treated. While it is clear that RDTs lose specificity in low 
transmission setings and fail to detect low-density parasitemia (≤200 
parasites/µL), the impact of sub-patent infections on transmission is not known 
(13, 14, 26). The Malaria Eradication Research Agenda Consultative Group 
suggests that any parasitemia, no mater how low, represents a potential for 
transmission and therefore should be targeted for elimination (27). In regions 
where PCR is not feasible, mass drug administrations may be efective for 
reducing transmission but is not curently recommended because of the potential 
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for drug resistance or adverse events (28). This aim wil determine the proportion 
of RDT positive asymptomatic persons who would be identified through reactive 
case detection and the remaining PCR positive, RDT negative persons who 
would only be impacted through focal mass drug administration. 
2. Review of the Literature 
2.1 Malaria Burden in Africa 
Malaria presents a major health problem globaly; in 2010 it was 
responsible for an estimated 216 milion episodes of ilness, 86% of which 
occured in children under 5 years of age, and resulted in 655,000 malaria 
related deaths (1). 81% (174 milion) of these infections occured in Africa, 
representing 91% of the total deaths (1). Malaria is not only a leading direct 
cause of death, it is also associated with a high rate of disability adjusted life 
years (DALYs) which represent years of life lost to morbidity (29).  
Declines in malaria cases and malaria related deaths by up to 50% have 
been measured in 11 countries, including Zambia (1, 30). According to the World 
Health Organization (WHO), global malaria incidence has dropped 17% since 
2000 and malaria-specific mortality rates have falen by 26% (1). These 
improvements have been ascribed to myriad factors, including changes in 
climate, improvements in the quality of health systems, improved access to 
diagnostics and highly efective drugs, and large scale prevention campaigns. 
Countries reporting decreases in incidence and mortality are those that have 
implemented intense malaria control interventions; however, there is evidence of 
increasing severity of morbidity and mortality associated with declining 
transmission (8, 31). 
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 In regions with high intensity of malaria transmission, the environment is 
suitable for mosquito development and the number of cases is stable each year; 
commonly, high transmission or endemic malaria is defined as clinical incidence 
of greater than 1 per 10,000 population per year in an administrative unit (32). In 
high transmission setings, children under five years old are the most severely 
afected by malaria related mortality and morbidity, specificaly severe anemia. 
With near-constant exposure to the parasite, relative immunity is often acquired 
in children during their first 5 years (33). Wernsdorfer et al found that malaria 
specific mortality rates were lower among infants born into the malaria 
transmission season due to the acquisition of passive transmission of antibodies 
from the mother (33). However, in low transmission setings, where the 
population may be exposed during short, seasonal paterns of malaria or not at 
al for several seasons, the case fatality rate sharply increases (5). These 
populations are at high risk for epidemic outbreaks of malaria, which are 
associated with increased rates of severe and cerebral malaria and a 25-50% 
increase in case fatality rates (34). 
 Low or unstable transmission areas are defined as those in which malaria 
transmission is plausible biologicaly but limited due to environmental factors; the 
clinical incidence is defined as less than one case per 10,000 population per year 
(32). Communities in low transmission setings may experience a shift to more 
severe disease, higher rates of cerebral malaria in children, and a shift in cases 
from younger to older individuals because they become immunologicaly naïve 
with decreased exposure to malaria (1, 5, 30, 34, 35). Cerebral malaria in 
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particular is less common at higher transmission, suggesting frequent exposure 
to P. falciparum in infancy and early childhood alows the development of 
protective immune mechanisms prior to the onset of physiological susceptibility 
to cerebral complications of malaria (5, 36). In low transmission setings, older 
age groups are predicted to be more important to malaria transmission than 
young children, while in high transmission setings children bear a higher 
proportion of the burden (35). Low transmission setings may be prone to 
epidemics or outbreaks of malaria, situations in which facilities are more likely to 
be under equipped, over used, under stafed, and often run out of diagnostic 
tests and drugs (34). Thus, maintaining high rates of ITN use in low transmission 
areas is essential to prevent severe disease and potential resurgence of 
infections if control measures break down. 
2.2 Malaria Transmission Cycle 
2.2.1 Malaria Transmission: Plasmodium Parasite 
Malaria is transmited by to humans by five diferent species of the 
Plasmodium parasite: Plasmodium falciparum, P. vivax, P. ovale, P. malariae 
and P. knowlesi (1, 37).  P. falciparum is responsible for the most cases, and is 
associated with mortality rates up to 30% in non-immune populations in the 
absence of treatment (1, 38).  
2.2.2 Malaria Transmission: Mosquito Vector 
Over 70 species of anopheline mosquito are capable of transmiting malaria, 
but only 40 are considered important vectors, and only the female mosquito 
transmits disease (38). There is significant variation in host feeding preferences, 
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biting, and resting behavior, as wel as in the selection of breeding sites by 
mosquito species. Understanding mosquito behavior and factors that influence 
where mosquitoes oviposit is essential for creating eficient and successful 
intervention programs. Climate and weather may play a large part in the density 
of mosquitoes in a local area, as they are key factors in determining breeding 
sites. Seasonal climate change is known to be an important determinant of 
malaria incidence since it afects both mosquito vector dynamics and parasite 
development rates (39). Precipitation and humidity are regarded as the primary 
determinants of variation in anopheline population size and mosquito survival 
(30). Studies indicate that rainfal of about 80 mm per month for at least five 
months can result in stable malaria transmission (40).  
Temperature is associated with mosquito development; warm temperatures, 
idealy between 18 and 22 degrees Celsius, in addition to the presence of water 
at vector breeding sites (many formed by rainfal) are necessary for malaria to be 
transmited (40). In many studies, the number of malaria cases was found to 
increase after approximately six weeks under these conditions. Higher 
temperatures can influence vector abundance and infectivity; temperature can 
impact pathogen replication, maturation, and the period of infectivity (41). 
Malaria incidence is usualy low during the dry-hot season when vector 
populations are reduced and spatialy confined, and most studies focus on the 
peak transmission in the rainy season (39). 
 Extreme heat or sudden climate changes can decrease vector survival time 
or disturb pathogen development. Climate change leading to the disruption of 
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stable seasonal rainfal in a geographic location may impact vector population 
dynamics and increase the possibility of mosquito mortality (30). Studies 
conducted in rural high transmission areas have noted instances where in the 
absence of organized prevention eforts, a dramatic temporal decline in the 
density of malaria mosquito vectors occured despite a history of high P. 
falciparum endemicity (30). This has been atributed to a natural decline in the 
vector population due to sudden decreases in rainfal (30, 42-46). There may 
also be diferences in mosquito ecology in high as compared with low 
transmission areas; in low endemicity and epidemic prone areas, Anopheles 
density and malaria transmission were found to be more clustered around 
breeding sites than in high transmission areas (47). 
 Implementing efective vector control interventions can also be improved 
by understanding general anopheline behavior and diferences between the 
species, which may necessitate targeted interventions. There is significant 
variation in the anthropophilic index (a measure of a vectors preference for 
human blood), breeding site preferences, endophagy (feeding indoors) and 
endophily (resting indoors) (33). 
For most anophelines, the usual flight range between breeding grounds 
and blood sources is 1.6 km (33) (maximal flight range however can be over 
10km), meaning residents of households closer to breeding sites are often at 
increased risk of being biten. However, breeding sites may vary by mosquito 
species; for example, An. gambiae prefer shalow and smal water colections 
while An. funestus breeds in smal permanent water bodies. Mosquitoes such as 
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An. gambiae and An. funestus that are endophagic and endophilic put humans at 
increased risk. However, they are targeted more eficiently by vector control 
activities such as ITNs use that protect humans in their homes when these 
mosquitoes are likely to be biting in that habitat.  
However, a third significant malaria vector in sub-Saharan Africa, An. 
arabiensis, displays a larger degree of variation in foraging behavior (48, 49). An. 
arabiensis wil readily feed upon catle (50), and this species is favored by drier 
environments and has adapted to peri-urban environments (51). However, other 
studies have suggested catle and domestic animals atract larger populations of 
mosquitoes, potentialy increasing local risk of transmission for humans (52). 
These examples indicate variation in the eficiency of the malaria vector 
between diferent species, many of which may co-exist. This may lead to 
dynamics between the vectors, and the possibility of interventions inducing 
replacement of one species with another. For example, a study conducted in 
Benin found that An. funestus partialy replaces the main vector, An. gambiae, in 
the dry season (33), a behavior that has been documented elsewhere in Africa 
(53, 54). This emphasizes the importance of year round vector control activities 
as compared with seasonal interventions when risk of malaria infection is 
highest. 
 Understanding mosquito behavior and how shifts in disease ecology may 
impact malaria transmission are essential to designing successful vector control 
strategies. Tailored control eforts have been suggested based on the ecological 
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distribution of malaria, as the curent global trend is the pursuit of malaria 
elimination. 
2.2.3 Malaria Transmission: Human Hosts 
Transmission risk may be modified by individual- and household-level 
factors such as genetics, use of personal protective measures, care seeking 
behavior, and composition of the household wals and roof. Use of personal 
protective measures, such as LLINs, are efective at reducing childhood 
morbidity and mortality from malaria, and may reduce transmission intensity (55). 
LLINs may be more likely to be used in the cool-dry season when the 
temperature is not too high, and often infants and pregnant women are prioritized 
if few nets are available leaving school aged children vulnerable (56-58). 
Household features such as having open eaves or using window screens may 
also impact malaria transmission in the household (59).  
Age is strongly associated with malaria infection for several reasons. First, 
school-aged children are the least likely to use personal protective measures; an 
analysis of school-age children in 18 African countries found that between 38-
42% of school-age children were unprotected (32). There is also a clear 
association between age and report of symptoms in high transmission setings. 
With frequent exposure, partial immunity develops, leading to a reduction in the 
acute clinical symptoms of malaria (14). Asymptomatic malaria does not have a 
standard definition but may be based on parasite density thresholds, report of 
symptoms such as fever, and presence of gametocytes which do not cause 
disease symptoms (14). Asymptomatic cases with low parasite density may not 
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be detectable via RDT, and if left untreated, the infection may persist for up to a 
year (14). School-age children are likely to be asymptomatic after acquiring 
partial immunity and are the least likely to be protected; school-based 
interventions including intermitent preventive chemoprophylaxis (IPC) or 
seasonal malaria chemoprophylaxis (SMC) may substantialy reduce 
transmission in these areas.  
2.3 Malaria Goals: Strategies for Malaria Control, Elimination, and 
Eradication 
2.3.1 Goals and Targets 
The key strategies to support eventual eradication of malaria have been 
outlined by the Rol Back Malaria (RBM) Global Malaria Action Plan (GMAP) and 
focus on three major approaches: aggressive and sustained malaria control in 
highly endemic countries, progressive malaria elimination from the endemic 
margins inward (shrinking the malaria map), and continued research into new 
tools, approaches and strategies (60). 
2.3.2 Malaria Control 
Despite the progress in scaling up malaria control interventions, some 
regions continue to experience high, perennial transmission of malaria. Malaria 
control eforts are largely inefective in these areas, for a variety of reasons. 
Increased insecticide resistance, human population movement across borders or 
internaly, or increased use of RDTs for confirmation may identify less severe 
cases previously missed (61). Some areas also have high transmission potential, 
meaning that without active suppression of malaria, transmission wil return to its 
intrinsicaly high prevalence (as measured by the R0) (23). If control activities are 
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interupted, resurgence of malaria wil occur; it wil return to the state of 
equilibrium from which it has been reduced by malaria control eforts (23, 62). 
Chalenges for malaria control are related to distribution of malaria prevention 
eforts, vector control activities, improving access to care, maintaining high 
coverage of control activities and evaluating progress (2). 
2.3.3 Malaria Elimination  
The African continent supports wide variation in risk of malaria, ranging 
from less than one new infection per year to over three new infections per day 
(29). Transmission intensity can be measured in diferent ways, such as 
calculation of the entomologic inoculation rate (EIR) or prevalence of 
parasitemia. EIR is the number of mosquito bites per night multiplied by the 
proportion of those mosquitoes positive for malaria sporozoites; they range from 
less than 5 to over 500, and give a relative estimate of transmission intensity. 
However, EIR estimates are often not reliable, particularly in low endemicity 
setings. Parasite prevalence is therefore commonly used, with an estimated 
80% of Africa’s population residing in areas with a parasite prevalence in 2-10 
year olds of over 5%, and 50% with a parasite prevalence over 40% (63). 
Parasite prevalence less than 10% is defined as hypoendemic, 11-50% is 
considered mesoendemic, >50% constant prevalence is hyperendemic and 
>75% is holoendemic (64). 
According to the WHO, the objectives of malaria control programs range 
from reducing the disease burden to eliminating the disease from a defined 
geographical region based on transmission intensity (Figure 2.8) (22). Partly due 
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to climate changes and partly due to human interventions, the landscape of 
malaria transmission has been significantly changing over the past several 
decades. In high transmission areas, the widespread application of interventions 
has led to successful decreases in malaria prevalence. After only three years of 
high ITN coverage in a region of Zambia, ITN use corelated with decreased 
seropositivity for P. falciparum (65). Once malaria has been controled in high 
transmission setings (defined as <5% slide positivity rate), the WHO 
recommends a transition phase be introduced. There are three 
recommendations to sustain reductions of malaria incidence: 1) sustain control 
interventions, 2) adapt health services to lower case load and reduced levels of 
immunity, and 3) strengthen surveilance systems to alow rapid response to new 
cases (1). Neglect or breakdown of control activities may result in a re-
emergence of malaria in the region, leading to a subsequent increase in 
transmission (34). There are several countries with successful malaria control 
programs that experienced a dramatic resurgence of malaria cases when control 
measures ceased (32). 
If malaria is to be eliminated, it is essential to maintain high levels of 
vector control activities throughout the year, including the dry season when 
vector density is low and risk may be perceived as low (39). Elimination may be 
the goal in areas where malaria transmission has ben reduced substantialy, or 
in areas with low transmission. However, as malaria transmission decreases, the 
risk of epidemic outbreaks of malaria increases. Epidemic malaria has been 
defined as “a periodic sharp increase in incidence that is clearly in excess of the 
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usual” (42). Long intervals of very low or no transmission result in litle efective 
immunity acquired by the population; this increases the risk for severe malaria 
epidemics when the disease resurfaces (37, 42).  
For example, several formerly malaria-free regions of the African 
highlands have become epidemic prone (47). Malaria outbreaks have been 
reported in these highland areas, potentialy as a result of climatic anomaly, land-
use changes, drug resistance, population migration, and breakdown of both the 
local health system and vector control activities (47). To avoid this resurgence of 
disease, the WHO recommends that countries shift from control activities to 
malaria elimination strategies that include detection of al malaria cases, 
prevention of onward transmission, management of malaria foci, and 
management of importation of malaria parasites (22). 
Chalenges for malaria elimination persist, and more research is 
necessary but dificult. Low sample sizes are an obstacle to properly power 
studies in these regions (66). Broadening the definition of malaria infections to 
include asymptomatic infections and sub-patent infections can pose diagnostic 
chalenges, but these remaining infections are part of the human parasite 
reservoir (14). Determining the prevalence of asymptomatic infections, how long 
asymptomatic infections last, how much asymptomatic and sub-patent infections 
contribute to transmission, the association between gametocyte cariage and 
asymptomatic infection, and the eficiency of mass drug administration or mass 
screen and treat for elimination should be investigated in future research (14).  
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2.4 Applications of GIS and Spatial Statistics 
2.4.1 Malaria Control 
 High-resolution satelite imagery and remotely sensed data are becoming 
increasingly accurate and available, with implications for infectious disease 
control. Remotely sensed data have been found to accurately characterize 
ecological features that are predictive of mosquito breeding sites (18). Features 
such as proximity to streams, topography, urbanization, and others have been 
found to be associated with malaria transmission. These data can be used to 
generate risk maps of transmission, which have several uses for malaria control. 
First, they can be used to target malaria control activities, particularly vector 
control interventions, to high-risk areas. This may increase the eficiency and 
cost-efectiveness of targeting interventions. They can also be used for the 
planning, implementation and evaluation of vector control interventions such as 
IRS. These data can also be used to model the efects of varying coverage levels 
of interventions and their spatial distribution. These methods have growing 
implications for guiding and improving malaria control activities to reduce 
transmission to manageable levels. 
2.4.2 Malaria Elimination  
In low transmission setings that are approaching malaria elimination, GPS 
and spatial analysis have additional use. They can be used for hotspot analysis, 
to detect residual foci of transmission (15, 22). As in moderate- and high-
transmission setings, they can be used to direct targeting of interventions to 
areas of continued transmission. Real-time mapping of GPS coordinates of 
cases can identify resurgence of transmission from residual foci of transmission 
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or importation of cases leading to local transmission (22). GPS spatial analysis 
can be used for improved surveilance and implementation of active case 
detection methods. As malaria has been found to cluster as transmission 
declines, targeting of interventions can be directed to these hotspots (15, 67). For 
example, to implement reactive test and treat methods, the GPS coordinate of an 
index household identified via passive case detection can be used to direct 
community health workers to test and treat index household members and 
additional households within a radius of the index. 
 
2.5 Country Background: Zambia 
2.5.1 Zambia 
Zambia is a landlocked country located in southern Africa. It experiences 
three distinct seasons: a hot, dry season from late August to October; a warm, 
rainy season from approximately November to April; and a cool, dry season from 
May to early August (19, 68). Traditionaly, malaria transmission is highest in the 
first and fourth quarters, peaking in March towards the end of the warm, rainy 
season (68). Most parts of the country are high plateau areas with some rivers, 
valeys and mountains (19). While infant, child and under-five mortality rates 
have been declining in the past several years, they remain high from a global 
perspective (Zambia is ranked 13th in the world for highest under-five mortality) 
(69). Mortality rates also fal wel below the Milennium Development Goals 
(MDGs) target to reduce by two thirds the number of under-five deaths by 2015 
(70).  
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Zambia has 72 districts, with health facilities ranging from widely 
dispersed smal health posts stafed by a single nurse up to hospitals (located in 
60 of the 72 districts)(68, 71). In 2006, user fees in rural Zambia were abolished, 
resulting in increased accessibility of the healthcare system (68). However, there 
is stil evidence of dificulty accessing healthcare; for example in Macha, 
Southern Province, Zambia patients must purchase and provide a notebook used 
to maintain their medical records, the cost of which may be prohibitive.  
The Zambian government is commited to preventing and treating malaria. 
In 2010, 73% of al households owned at least 1 ITN or reported IRS within the 
last twelve months. Additionaly, 52% of children under five and 46% of pregnant 
women reported sleeping under an ITN the previous night (32). There have also 
been significant improvements in treatment, despite insuficient availability of 
RDTs to confirm malaria diagnosis, and occasional stock outs of ACT 
medications (72). 
2.5.2 Disease Burden in Zambia 
Malaria remains a leading cause of death in Zambia, comprising about 
50% of the disease burden among children under five (73). Al nine provinces of 
Zambia are endemic for malaria and 90-100% of the population is considered at 
risk (72). According to the WHO, malaria is the 3rd leading cause of death 
among children under 5 in Zambia (Figure 2.1). Recent estimates indicate 
approximately 4.5 milion episodes of malaria and 7,737 malaria-associated 
deaths in 2011 (4, 74). 
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In the curent Zambian environment, disease vectors remain present and 
a significant number of humans remain infected or are asymptomatic cariers. 
This means that despite progress in reducing the incidence of malaria, there is 
always the potential for a rapid resurgence, which could be disproportionately 
severe as cohorts with lower acquired immunity age through the population (68). 
It has been noted that in regions of high transmission, the burden of disease 
rests on very young children and the main efect is severe malarial anemia (31). 
The prevalence of malaria parasitemia in children under five years of age 
was 16% in 2010, with a slightly higher rate in children in rural areas (20.4%) as 
compared with urban areas (5.2%) (72, 75). The parasite prevalence measured 
at 109 locations across the provinces of Zambia in 2011 highlights variation 
throughout the country (Figure 2.2). Luapula Province reports the highest 
malaria parasitemia prevalence, measured as 56% (by RDT) in the 2012 Malaria 
Indicator Survey (MIS) (16). Southern Province reported the 2nd lowest 
parasitemia of the 9 provinces, reported as 10% in 2012 (16). Parasitemia 
nationaly peaked among children 4 years of age, and was higher among the 
lowest wealth quintile and in rural areas (16). 
Particularly at risk are individuals living in epidemic, unstable transmission 
regions. In Zambia, this represents about 48% of the population, with another 
34% of the population living in endemic, stable transmission areas (18). The 
distribution of endemic and epidemic malaria in Zambia is depicted (Figure 2.3). 
It is recommended that individuals in areas that have experienced a sharp 
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decline in malaria incidence maintain successful control eforts to avoid disease 
resurgence (31).  
2.5.3 Zambian National Malaria Control Initiative 
Despite relatively successful control eforts, Zambia experienced 
resurgent malaria transmission between 1976 and 2000. Zambia’s Gross 
Domestic Product (GDP) had been steadily increasing, but declined in 1976 
folowing the fal of the copper industry (68). Factors atributed to this decline in 
malaria control activities included political turmoil caused by the struggle against 
apartheid, international constraints regarding the use of DDT, and the country’s 
broader economic decline (68). 
In addition to these broader political, economic, and social issues, other 
factors driving malaria resurgence included the removal of DDT from the market, 
rapid increase in drug resistance to chloroquine (the firstline malaria treatment), 
and the HIV epidemic (76). The launch of the Rol Back Malaria (RBM) 
Partnership in 1998, coupled with the development of new technologies and an 
agreement of priorities within the development community, marked a global 
commitment to halve the burden of malaria, with a focus on Africa (73). This led 
to the selection of Zambia as a case study of the benefits of rapidly scaled up 
malaria control. Resources were concentrated and focused on Zambia with the 
goal of producing a success story as a model for southern Africa. Zambia was 
chosen because it was perceived as having the institutional capacity and political 
wil to successfuly undertake such a program (68). Zambia’s National Malaria 
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Control Program (NMCP) is considered one of the most successful malaria 
prevention initiatives. 
Since the late 1990s, Zambia has revitalized its malaria control program, 
with dramatic declines in malaria incidence in many parts of the country. Since 
2003, Zambia has been engaged in a large-scale, centraly coordinated national 
anti-malaria campaign that has become a model in sub-Saharan Africa (68). The 
goals of Zambia’s NMCP are to achieve a 75% reduction in malaria incidence 
and a 20% decrease in under-five mortality by 2011, through several evidence-
based interventions (68). The interventions advocated for malaria control are: 
widespread distribution of ITNs, application of insecticides in homes using IRS, 
preventive treatment for pregnant women and efective treatment of infected 
persons (19, 76, 77). 
The NMCP budget includes significant aid from the Global Fund to Fight 
HIV/AIDS, Tuberculosis, and Malaria (GFATM), the United States Agency for 
International development (USAID), the World Bank, the President’s Malaria 
Initiative (PMI), the WHO, and the Bil and Melinda Gates Foundation (through 
the Malaria Control and Evaluation Partnership in Africa-MACEPA) (19, 72). The 
Government of Zambia budgeted $25.4 milion for the Department of Public 
Health’s Malaria Control and Management activities in 2008, amounting to 61% 
of the department’s budget (13). The President’s Malaria Initiative (PMI) 
budgeted $24 milion for malaria control activities in 2011, supporting prevention 
and treatment eforts, including the procurement and distribution of ITNs (72). 
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Zambia’s government also eliminated taxation on malaria-control tools, including 
mosquito nets and relevant insecticides (73). 
Although the incidence of malaria remains high, there were promising 
declines in incidence and mortality up until 2009. In 2009, however, there was 
evidence of a resurgence of malaria despite significant progress in scaling up of 
prevention eforts (68). The reasons for this resurgence are not known with 
certainty, but highlight the need to maintain control programs in order to 
successfuly control malaria, even when the number of cases have been 
substantialy reduced (8). Until the goal of malaria elimination is actualized, the 
sustainability of gains achieved is at risk, and would continue to be at risk after 
due to importation of cases from neighboring regions.  
 Today, Zambia’s integrated malaria control program is one of the world’s 
largest national treatment and prevention plans. The program is led by the 
National Malaria Control Centre (NMCC), a sub-division of the Department of 
Public Health and Research within Zambia’s Ministry of Health. The national 
secretariat is responsible for overal program administration throughout the 
country and disburses funds to districts on a programmatic basis. The NMCC 
works in partnership with Medical Stores (a quasi-private national distribution 
program for al drugs and medical supplies in the public sector) to ensure that 
each district and referal hospital receives adequate supplies of drugs and 
diagnostic tools. Seventy-two District Medical Ofices (previously “District Health 
Ofices”) directly implement most national malaria prevention and treatment 
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programs. The districts are grouped into nine provinces, each with a Provincial 
Health Ofice responsible for supervising district health programs.  
 The NMCC’s primary intervention is distribution of LLINs, but it has also 
set targets to achieve “Prompt and Efective Case Management” (PECM), with a 
goal of ensuring that at least 80% of malaria patients receive efective treatment 
within 24 hours of the onset of symptoms. Zambia became one of the first 
countries to introduce ACTs (artemisin combination therapy, specificaly 
artemether plus lumefantrine, with the brand name Coartem®). ACTs are free in 
the public sector, and became the first-line treatment for al malaria cases during 
the 2002 to 2003 malaria transmission season (although it was not widely 
available until 2005-2006). Despite these strong, concerted eforts to reduce 
malaria burden, Zambia is one of three countries in the world that has reported a 
recent an increase in malaria burden (8). 
 Zambia curently has two active GFATM malaria grants, focused on the 
scale-up of LLINs, the scale-up of ACTs, and the re-introduction of IRS (72). A 
Malaria Indicator Survey (MIS) conducted in 2012 concluded that 72% of 
households in Zambia owned at least one LLIN, and 60% of children under five 
years old reported sleeping under it the night before (16). LLINs are distributed 
for free through mass distribution campaigns, antenatal care services, and 
Expanded Program on Immunization (EPI) clinics, as wel as through smaler 
distributions that target vulnerable groups. The Zambian Ministry of Health 
calculates that with new cohorts of pregnant women, and ITN damage and 
replacement needs, that in 2012 about 3 milion nets wil be needed to ensure 
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universal coverage (72). Ensuring that prevention and treatment eforts are 
continued is necessary to avoid resurgence of disease and to expand the 
geographical boundaries in which malaria is successfuly controled. 
 
2.6 Overview: Study Sites 
This study wil be conducted at two sites: Macha in Choma District, Southern 
Province, Zambia, and Nchelenge District in Luapula Province, Zambia. The two 
study sites represent diferent phases of malaria control; Macha, Southern 
Province, Zambia is considered an example of successful malaria control, while 
Nchelenge District, Luapula Province is considered an example of inefective 
malaria control. The locations of the sites in Zambia are depicted in the map of 
Zambia (Figure 2.4). 
 2.6.1 Macha, Choma District, Southern Province, Zambia 
Macha, in Choma District, is located at 16.39292°S, 26.79061° E, at an 
elevation of approximately 1,100 meters above sea level (65), and with a 
population of approximately 204,898 individuals (78). The habitat around the 
Malaria Research Trust (MRT) field station in Choma District, southern Zambia, 
is characterized as Miombo woodland, and experiences the lowest mean annual 
rainfal (650-800 mm) in the country (79). Choma District inhabitants are primarily 
subsistence farmers living in vilage areas under a local headman. Households in 
the Choma area typicaly consist of several dweling structures made from mud 
and grass, a central wal-less cooking structure, and several domestic animal 
enclosures. Animal enclosures are usualy within 20 m of human dwelings. 
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These individuals are in the catchment area for Macha Hospital, which is located 
at the center of MRT.  
The prevalence of parasitemia in children under five in Southern Province 
was 13.7% in 2006, and decreased to 5.7% in 2010 (78). Southern Province of 
Zambia has historicaly experienced hyperendemic P. falciparum transmission 
vectored primarily by An. arabiensis, with An. funestus as a secondary vector 
(80). Since this drought, few specimens of An. funestus have been captured, 
pointing to the sensitivity of An. funestus to drought and changing environmental 
conditions (48, 49). 92% of blood meals identified from An. arabiensis colected 
in Macha came from human hosts, indicating that this population of An. 
arabiensis is highly anthropophilic compared with similar colections of indoor-
resting An. arabiensis in other parts of Africa (48). An. arabiensis in the area had 
an EIR of 1.6-18.3 infective bits per person per season from 2004-2006(49), and 
an even lower EIR now. There are also high numbers of “nuisance” mosquitoes, 
specificaly culicines, which do not transmit malaria but may influence ITN use in 
the area. 
Free mass distribution of ITNs by the Zambian government provided 4,800 
LLINs to Macha in 2007 (80). In Choma District, where Macha is located, 61-80% 
of households have target coverage of 3 ITNs per household (65, 76). Despite 
this high distribution, there is heterogeneity in the ages not protected by an ITN 
(Figure 2.6), and of the An. Arabiensis that had taken a blood meal, almost al 
were from humans (65). This indicates they are either feeding before 10 pm 
(14% of An. arabiensis in Macha forage during this time), feeding on the 
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individuals not protected by ITNs, or that ITNs are not highly efective potentialy 
due to loss of insecticide on the net due to age, and high number of holes in the 
nets (65). 
Pediatric hospitalizations due to malaria reported at Macha Hospital 
decreased from approximately 1,400 admissions per malaria season in 2000-
2001 to 41 in 2008 (Figure 2.5) (54). If prevention eforts are maintained, then 
Macha may be a candidate for malaria elimination. 
2.6.2 Nchelenge District, Luapula Province, Zambia 
  The second site is Nchelenge District, Zambia, in Luapula Province. It lies 
in a high rainfal belt of the Central African plateau, and this district has a 
population of 137,000 individuals (78). Nchelenge is located in the marshlands of 
the Luapula River near Lake Mweru, and individuals in the area are mainly 
fisherman and farmers (78). This site is also near the Zambian border with the 
Democratic Republic of the Congo (DRC), and maintains an alarmingly high 
parasite prevalence, perhaps due to migration from DRC (81) or residents 
traveling to high risk areas to work as farmers. Vectors in this region are An. 
funestus and An. gambiae (78). The prevalence of parasitemia in children 
younger than 5 years of age in Luapula Province was 32.9% in 2006 and 
increased to 50.5% in 2010, making it the province with the highest prevalence in 
the country (75). Nchelenge District experiences year round transmission of 
malaria. Despite malaria control eforts including distribution of ITNs, deployment 
of IRS and use of ACT treatment, malaria cases have not declined. There is a 
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high incidence of cases of malaria per 1000 persons, and disproportionate 
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Figure 2.1 
World Health Organization: Top 5 causes of death in Zambia among children 
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Figure 2.2 
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Figure 2.3 
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Figure 2.4 
The two study sites, Macha (Choma District) and Nchelenge District, on a map of 
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Figure 2.5 
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Figure 2.6 
Ages of individuals not protected by an ITN during the 2008-2009 season in 
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Figure 2.7 
Malaria incidence in Nchelenge District between 2005 and 2009. 
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Figure 2.8 
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Abstract 
Background: The scale up of malaria control eforts has resulted in substantial 
declines in transmission in some but not al regions of sub-Saharan Africa. 
Understanding factors associated with ongoing malaria transmission in these 
areas may guide targeted interventions to high-risk areas and populations. 
Methods: Household malaria surveys were conducted in Nchelenge District, 
Luapula Province in northern Zambia. Household structures were enumerated 
within selected 1 x 1 km grid cels overlaid on a satelite image of the study area. 
Households within these grid cels were randomly selected for enrolment. 
Households were enroled into cross-sectional (single visit) or longitudinal (visits 
every other month) cohorts but analyses were restricted to cross-sectional visits 
and the first visit to longitudinal households. During study visits, adults and 
caretakers of children were administered a questionnaire and a blood sample 
was colected for a malaria rapid diagnostic test (RDT). Environmental features in 
proximity to each household were characterized based on satelite imagery and 
digital elevation models. Characteristics associated with RDT positivity were 
analyzed using GEE models. Two-way interactions with season were explored.  
Results: A total of 1,362 individuals residing within 367 households were 
enroled between 2012 and 2014. Over the study period, 49% of study 
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participants were RDT positive. Despite high malaria transmission throughout the 
year, rainfal was highly seasonal. Half of al RDT positive individuals were 
between the ages of 5 and 17 years although this age group comprised only 34% 
of study participants. In a multivariable GEE model, the odds of an individual 
being RDT positive was associated with age. Compared with adults over the age 
of 18 years, children 0 to 4 had over 2.5 times higher odds of a positive RDT 
(OR=2.5; confidence interval [CI] 1.6, 3.9) and children 5 to 17 years had almost 
6 times higher odds of being RDT positive (OR=5.7; CI 4.2, 7.7). Report of fever 
was also associated with RDT positivity although the association decreased with 
age: for each increasing age category the odds of fever decreased 29% among 
RDT positive participants (OR=0.7; CI=0.5, 1.0). Several environmental features 
were associated with the risk of malaria. The odds of a positive RDT increased 
by 20% (OR=1.2; CI 1.0, 1.3) for every 10 meter decrease in elevation; by 9% 
(OR=1.1; CI 1.0, 1.2) for every 250 meter decrease in distance from a category 1 
stream; by 46% (OR=1.5; CI 1.3, 1.7) for every 250 meter decrease in the 
distance to a road; and decreased 2% (OR=1.0, CI 1.0, 1.0) for every additional 
10 households within 500 meters of an enroled house. The odds of a positive 
RDT were almost twice as high in the rainy season (OR=1.9 CI: 1.2, 2.9). In the 
rainy season, the odds of a positive RDT increased 6% (OR=1.1, CI: 1.0, 1.1) for 
every 250-meter decrease in the distance from a category 3 stream. Proximity to 
an open wel was associated with 30% higher odds of malaria and this 
approached statistical significance (OR=1.3 CI: 0.9, 2.9).  
	   52	  
Conclusions: Environmental risk factors for malaria suggest that mosquito 
breeding sites along category 1 streams, roads and open wels may be suficient 
to support perennial transmission, increasing in the rainy season as category 3 
streams flood. Children and adolescents between the ages of 5 and 17 were at 
the highest risk of malaria infection throughout the year. School-based programs 
may be efective at targeting this high-risk group. 
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Background 
During the past two decades, malaria control has been a focus for the 
international public health community. Support for malaria has increased from 
approximately US$100 milion in 2000 to nearly $2 bilion in 2013 (1). In 2007, 
malaria eradication was endorsed by the Bil & Melinda Gates Foundation and 
supported by the World Health Organization (WHO) and Rol Back Malaria 
(RBM) Partnership as a worldwide goal (2, 3). Zambia is a malaria-endemic 
country that rapidly scaled-up malaria control activities from 2006 to 2011, 
including case management with rapid diagnostic tests (RDTs) and artemisinin-
combination therapy (ACT), distribution of long-lasting insecticide-treated nets 
(LLINs), indoor residual spraying (IRS), and intermitent preventive therapy (IPT) 
for pregnant women (4). Reductions in malaria burden folowing scale-up of 
similar malaria control interventions were identified in Rwanda but were not 
sustained in parts of Kenya, and resurgence of malaria throughout regions in 
Africa (including Zambia) has been documented (5-7). These mixed results 
highlight the heterogeneity of malaria transmission and the chalenges to control. 
Malaria transmission varies across climatic seasons, ecological zones, 
neighboring vilages, and even within households (8-11). Environmental 
exposures such as land cover, soil moisture, streams, elevation, and topography 
can modulate malaria risk because they are predictive of vector breeding sites 
(12). Households in close proximity to breeding sites have higher mosquito 
densities and are at increased risk of transmission (8). These environmental risk 
factors may interact with socio-cultural factors at the household; socioeconomic 
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status, who within the household uses bed nets, and the construction of human 
dwelings are associated with malaria risk (11, 12). 
As recommended by the Malaria Eradication (MalERA) Consultative 
Group on Modeling, there is a need to beter understand the efects of 
seasonality on aspects of malaria transmission (13). For example, the rainy 
season is associated with increased numbers of anopheline breeding sites and 
increased parasite development rates (14). However, irigation, roads and 
urbanization may create breeding sites that persist throughout the year, 
diminishing the seasonal efect (12, 15-17). Season may also be associated with 
malaria morbidity. At high transmission levels malaria prevalence is not seasonal, 
although clinical malaria may be (15). In the dry season, non-febrile, low level 
parasitemia may be widespread (18). These findings suggest that despite high 
transmission year round, there may be important seasonal diferences in risk 
factors and clinical manifestations for malaria. 
Despite recent reductions in malaria infection, ilness, severe disease and 
death recorded across Zambia (19-21), malaria transmission remains high in 
some geographic areas. Malaria transmission in Zambia varies from low in 
Lusaka Province to perennial transmission in Luapula Province, suggesting high 
variation within a single country (22). Nchelenge District is located within Luapula 
Province where, despite increased coverage with IRS and the distribution of 
429,753 LLINs between 2006 and 2011, the parasite prevalence increased from 
38% in 2006 to 53% in 2012, although this may be due in part to increased use 
of RDTs for confirmation (5). The Zambian 2011-2015 National Malaria Strategic 
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Plan recommends targeting limited resources to the highest risk areas based on 
epidemiological trends (23).  
Understanding individual, household and environmental factors associated 
with increased malaria risk is necessary to inform and optimize control strategies. 
Multi-level statistical techniques and spatial analysis are increasingly used to 
describe and assess risk factors for malaria (12). This study analyzed a series of 
cross-sectional household surveys in Nchelenge District between 2012 and 2014 
to identify characteristics associated with RDT positivity. Targeting control 
activities and distribution of preventive measures to groups or areas identified as 
high-risk may reduce malaria transmission in this region. 
 
Methods 
 Nchelenge District is located in northern Zambia in the marshlands of 
Luapula Province along Lake Mweru, and shares an international border with the 
Democratic Republic of the Congo. Luapula Province has the highest prevalence 
of malaria in Zambia (24). Anopheles gambiae s.s. and Anopheles funestus are 
the primary vectors in the area (20). Nchelenge District has a tropical climate 
with a distinct dry season (May-October) and rainy season (November-April). In 
2010, an estimated 147,927 people lived in Nchelenge District (5). The 
population is mobile, traveling between the lake for the fishing season and inland 
for farming as a fishing ban is in efect from December 1st to March 1st.  
 A satelite image of the district was used to construct a sampling frame. A 
QuickbirdTM satelite image was obtained from Digital Globe Services, Inc. 
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(Denver, Colorado) and imported into ArcGIS 9.2 (ESRI, ArcGIS, Redlands, CA). 
One-kilometer square grid cels were overlaid on the image and cels were 
selected based on distance to Lake Mweru. Within the selected grid cels, 
structures of appropriate size and shape were identified as potential households 
and were enumerated manualy. Simple random sampling was used to select 
households within the grid cels that were eligible for surveys conducted 
throughout the year. Households were enroled into either prospective 
longitudinal (visited every other month) or cross-sectional (visited once). This 
analysis was restricted to cross-sectional surveys and the first visit to longitudinal 
households because of the reduction in malaria risk folowing repeated study 
visits (25). 
 Study procedures began with community mobilization activities, including 
approvals from local chiefs and headmen (25). Households consisted of one or 
more domestic structures where members of a family resided. Al individuals 
living at that residence were eligible to participate. Informed consent was 
obtained from adults over the age of 16 years and parents or guardians of 
children under the age of 16 years. A questionnaire was administered to colect 
demographic information, knowledge and beliefs regarding malaria transmission 
and prevention, history of recent malaria and anti-malarial treatment, care-
seeking behavior, and the use of insecticide-treated nets (ITNs). Answers to 
questions regarding where the household got their water, such as an open wel 
or a borehole were also recorded. A blood sample was colected by finger prick 
for a malaria rapid diagnostic test (RDT) (ICT Diagnostics, Cape Town, South 
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Africa). Individuals that tested positive were ofered treatment with artemether-
lumefantrine (Coartem®). The study was approved by the Institutional Review 
Boards of the Tropical Diseases Research Centre in Ndola, Zambia and the 
Johns Hopkins Bloomberg School of Public Health. 
Environmental Characterization 
Environmental covariates were generated based on proximity to each 
household’s coordinates and were analyzed using ArcGIS version 9.2 (ESRI 
ArcGIS, Redlands, CA). A handheld Android tablet was used to record each 
household’s coordinates. A digital elevation model (DEM) for the area with 90 m 
resolution was obtained from the Shutle Radar Topography Mission (SRTM) 
version 3. Elevation values corespond to the reflective surface on the earth and 
represent soil surface, vegetation and man-made features such as asphalt roads. 
The SRTM imagery was colected during a 2001 space shutle mission using a 
multi-frequency, multi-polarization radar system. Each pixel represents a 90 m 
average elevation around each pixel’s center. The DEM was processed in 
ERDAS Imagine 2011 and imported into ArcGIS 10.1. The ArcHydro Tools 
module of ArcGIS was used to develop a stream network and classification. This 
module uses elevation values to determine water flow direction and accumulation 
to build a stream network, which is assigned to a stream order based on the 
Strahler classification. The Strahler classification assigns an order value of 1, 2, 
3, etc. based upon the hierarchy of tributaries. Each beginning segment of a 
stream or river within a stream network is a first-order or category 1, and where 
two first-order streams come together they form a second-order stream. When 
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two second-order or category 2 streams meet they form a third-order stream. The 
degree of slope was also derived from the SRTM image.  
Al structures that appeared to be households in the study area were 
enumerated based on satelite imagery. The sum of these structures located 
within 500 meters of a study household was calculated as a measure of 
population density. The distance from each enroled household to the nearest 
road, nearest health facility and Lake Mweru were also calculated using the near 
tool in ArcGIS. A binary variable denoting households near the lake or interior 
was generated based on spatial location, with households less than 3 km from 
the lake considered near. The distance from Lake Mweru to the most distant site 
within the study area was 17 km. 
The Normalized Diference Vegetation Index (NDVI) was calculated using 
LandSat 5 data and is calculated as: (near infrared – visible infrared) divided by 
(near infrared+visible infrared) (µm). Values range from -1 to +1, with negatives 
representing bodies of water, low values representing asphalt or sand, and high 
values corelated with dense vegetation. NDVI was explored as a continuous 
variable but a binary NDVI variable was used for the statistical models due to 
lack of variation in the study area. Distances to the nearest road, health facility, 
and to Lake Mweru were calculated for each household.  
Rainfal data from a weather-monitoring tool was used to generate a 
variable for season. The HOBO Micro Station (Onset Computer Corporation, 
Bourne, MA) is a four-sensor data logger designed to measure rainfal, 
temperature, and relative humidity at hourly intervals. 
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Statistical Analyses 
 RDT positive individuals were compared to RDT negative individuals for 
individual level characteristics. Household and environmental level 
characteristics were explored comparing households with no RDT positive 
residents to those with any RDT positive residents. Proportions were tested 
using the chi-square test and means were compared using Student’s t-test. 
Individual, household and environmental level characteristics were analyzed 
using generalized estimating equations (GEE) to account for intra-household 
clustering. Two-way interaction terms were generated to assess seasonal 
variation in the efects of each environmental risk factor. Variables with p values 
≤0.1 in univariate models were eligible for inclusion in the final model. A multi-
variable GEE model was constructed to account for intra-household clustering 
and non-significant covariates in the GEE model were removed to generate a 
parsimonious final model. Statistical analyses were caried out using SAS 
software version 9.3 (SAS Institute, Cary, NC). 
 
Results 
 A total of 1,366 individuals residing in 353 households were visited 
between April 2012 and May 2014 (Figure 3.1). Parasite prevalence was 38% in 
2012 and increased to 49% in 2013 (Figure 3.2). Despite seasonal rainfal, RDT 
positivity remained higher than 20% every month (Figure 3.2).  
 Several individual level factors were associated with RDT positivity in 
univariate analyses. Of those that were RDT positive, most were 5 to 17 year old 
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children (50%) compared to children younger than 5 years (25%) and adults 
older than 18 years (25%) (Table 3.1). RDT positivity was associated with 
reported symptoms, specificaly for individuals reporting chils (41% vs. 34%), 
fever (46% vs. 37%), and headache (48% vs. 41%) within the prior 2 weeks 
(Table 3.1). Reported use of an ITN the night before was lower for RDT positive 
individuals (52%) compared to RDT negative individuals (73%), consistent with a 
protective effect (Table 3.1). 
 Several household level factors were associated with having at least one 
RDT positive resident compared to households with no RDT positive residents. 
Households comprised of a higher number of residents were more likely to have 
at least one RDT positive resident (median 4 vs. 2 household members), 
reflecting the higher number of individuals in the household at risk (Table 3.2). 
Reported use of an open wel as the main source for household drinking water 
was higher among households with any RDT positive residents (42% vs. 32%). 
Households in areas with lower population density and in the interior away from 
Lake Mweru were more likely to have an RDT positive resident (median 141 
structures within 500 m of the household vs. 210) (Table 3.2). 
 In a multi-variable GEE analysis, several individual, household, and 
environmental characteristics were associated with RDT positivity. Compared to 
adults over the age of 18 years, children younger than five years had 3.6 higher 
odds (OR=3.6; CI 2.5, 5.1) of being RDT positive, and children 5 to 17 years of 
age had a 6.8 higher odds (OR=6.8; CI 4.8, 9.6) of being RDT positive (Table 
3.3). As expected, history of fever was significantly associated with RDT 
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positivity and approached significance in a two-way interaction with age: as the 
age category increased a history of fever decreased 26% (OR=0.7; CI 0.5, 1.0). 
Individuals residing within the same household were twice as likely to be RDT 
positive compared to individuals in other households (OR=2.0; CI 1.3, 2.9) (Table 
3.3). Other individual level variables, such as receiving malaria medications in 
the past 2 weeks or using an ITN, that were significant in the univariate analyses, 
were not significantly associated with RDT positivity in the ful GEE model. 
Several environmental factors were associated with RDT positivity in the 
multivariable GEE model. Odds of a positive RDT were 90% higher during the 
rainy season than the dry season (OR=1.9; CI: 1.2, 2.9) (Table 3.3). The median 
elevation in the study area was 951 meters (minimum 877 meters, maximum 
1049 meters). As household elevation decreased by 10 meters, the odds of RDT 
positivity increased 20% (OR=0.1.2; CI 1.1, 1.3) (Table 3.3). As the distance of 
the household to a category 1 stream decreased 250 meters, the odds of RDT 
positivity increased 9% (OR=1.1; CI 1.0, 1.2) (Table 3.3). Category 2 and 3 
streams were not associated with malaria; however, the interaction term for 
category 3 streams and season was significant. In a two-way interaction 
between distance to a category 3 stream and season, the odds of RDT positivity 
increased 6% per 250 meters as distance to a category 3 stream decreased 
during the rainy season (OR=1.1; CI 1.0, 1.1) (Table 3.3).  
Households with a higher proportion of RDT positive residents appeared 
to be located along some of the inland category 1 streams, with variation along 
the lake (Figure 3). Open wels were more commonly reported as a source for 
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household water inland from Lake Mweru, and were potential breeding sites for 
anopheline mosquitoes (Appendix 1). A higher proportion of RDT positive 
residents resided in households along category 3 streams during the rainy 
season (Figure 3.4).  
  
Discussion 
Despite the rolout of malaria control interventions, Nchelenge District 
experiences intense perennial transmission of malaria. This study identified 
school-age children as a high-risk population in the area, and identified several 
household- and environmental-level factors that may increase transmission risk 
at the household. School-age children were the most likely to have malaria, but 
also less likely than young children to experience symptoms due to the 
acquisition of partial immunity. Proximity to certain environmental features, such 
as category 1 streams, roads, and lower elevation areas may increase household 
malaria risk because they are generaly predictive of anopheline mosquito 
breeding sites. Household features such as the use of an open wel may increase 
household risk for similar reasons. The risk of malaria also doubled in the rainy 
season, which may be related to proximity to category 3 streams due to the 
observed model interaction. These individual and household level risk factors 
may explain some variation in malaria risk, but Nchelenge District as a whole 
experiences very high parasitemia year round. 
There are several reasons malaria control eforts may be inefectual in this 
seting. The recent rise in reported cases could be atributed to increasing 
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insecticide resistance, population movement across borders from high 
transmission areas, shifts in biting behavior of mosquitoes to outdoors or earlier 
times, or increased use of RDTs for parasitological confirmation (5, 20, 26). 
Additionaly, while delivery of health services and key interventions has 
increased, coverage levels may be too low to have a measurable impact (5, 13). 
For example, according to the 2012 National Malaria Indicator Survey (MIS), 
Luapula Province reported low rates of IRS (16%), and the lowest levels of IPT 
use in pregnancy (58%) (22). Importantly, LLIN use in Luapula Province 
increased from 34% in 2010 to 78% in 2012 (22, 24).  
The significant association between environmental factors such as 
proximity to streams and elevation with RDT positivity is not surprising, as these 
predict the presence of anopheline breeding sites and are indicative of malaria 
transmission potential (16, 27, 28). Anopheline breeding sites range from foot 
prints, puddles, ponds, and shalow moving streams (27). In Nchelenge District, 
category 1 streams may provide suficient breeding sites for year round 
transmission. In the rainy season, category 3 streams previously too large or fast 
moving for mosquito breeding sites may flood and create marsh-like wetlands on 
the riverbanks. This may be reflected in the nearly two-fold increased odds of a 
positive RDT in the rainy season.  
Interestingly, the odds of a positive RDT were higher closer to roads. This 
may be because erosion along dirt roads created puddles that are ideal for 
breeding sites. A study in Kenya found that water pooled along roads, creating 
potential breeding sites (16). Similarly, the use of open wels for household 
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drinking water may create smal bodies of water that persist through the dry 
season, providing breeding sites in close proximity to households. Open wels 
suggest a high water table in Nchelenge District and a high water table has 
previously been linked with malaria transmission (29). Testing for anopheline 
mosquito larvae along roads and in open wels may identify opportunities for 
targeted vector control interventions. 
In addition to environmental factors associated with RDT positivity, some 
individual and household level characteristics were also significant. Age of the 
participant was highly associated with RDT positivity, in particular among children 
aged 5 and 15 years. Children in this age category are at increased risk of 
malaria and are least likely to use interventions such as LLINs (1, 9). Priority for 
LLINs is often given to very young children and women of child bearing age, 
leaving school-aged children vulnerable. Age was also found to interact with 
reported fever. As age increased, report of fever as a symptom decreased. 
Previous studies have identified an interaction between age, report of fever, 
lower parasitemia and season (30). A high prevalence of asymptomatic 
parasitemia may be critical in maintaining transmission (31-33). School-aged 
children who have acquired partial immunity may be asymptomatic cariers of 
both asexual parasites and gametocytes, and may be reservoirs for the parasite 
through the dry season (34). School based test and treat interventions and/or 
seasonal malaria chemoprophylaxis (SMC) may be particularly efective in 
reducing transmission in Nchelenge District. 
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This analysis has some limitations, mainly that it is reliant on RDTs to 
detect infection with P. falciparum. In such a high transmission seting, some 
people may be antigenemic for a long time after parasite clearance, leading to 
over-estimation of parasitemia by RDT (35) . According to the Malaria Indicator 
Survey, 32% of children had malaria parasites by microscopy and 56% had 
malaria by RDT (22). Lastly, it is likely that travel occurs in this area, for migrant 
work or social functions such as weddings and funerals, which may present 
opportunity for malaria infection not related to the participants’ household. 
Despite seasonal rainfal, perennial transmission of malaria continues in 
Nchelenge District. Despite some seasonality, environmental features likely ofer 
suficient breeding sites for high year round vector population and transmission. 
Targeted control interventions and novel strategies are necessary to reduce 
transmission. First, malaria risk maps may be useful in targeting vector control 
activities to high-risk geographic areas. Second, school-based interventions 
should be explored to target this high-risk population. The epidemiology and 
management of malaria in school-age children has received litle atention but 
has consequences on educational atainment and transmission (36). IPT is now 
being studied in school-age children in the form of intermitent parasite clearance 
in schools (IPC), seasonal malaria chemoprevention (SMC), and test and treat 
programs administered by schools (36). Targeting high-risk geographic areas 
and populations may be cost efective and eficient for reducing malaria 
transmission. 
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Table 3.1 










Number of individuals 700  662  
Female 388 (56%)  340 (52%) 0.16 
Age category    <0.0001 
   < 5 years 132 (19%)  168 (25%)  
   5 to 17 years 141 (20%)  332 (50%)  
   ≥18 years 427 (61%)  162 (25%)  
Last time visited health facility for malaria 0.001 
   1 month ago 158 (23%)  189 (29%)  
   2-6 months ago 176 (25%)  147 (22%)  
   > 7 months ago 212 (30%)  152 (23%)  
   Never 113 (16%)  132 (20%)  
Experienced folowing symptoms in the past 2 weeks 
  Chils 239 (34%)  272 (41%) 0.009 
  Fever 259 (37%)  300 (46%) 0.002 
  Headache 287 (41%)  316 (48%) 0.009 
Took malaria medications in 
past month 142 (20%)  185 (28%) 0.001 
Own ITN 510 (73%)  460 (69%) 0.17 
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Table 3.2 













 N (%) N (%)  
Households 100  267  
Median number household 
members (IQR) 2 (1, 8)  4 (1, 13) <0.0001 
Maximum household education level 0.03 
    Primary 54 (54%)  182 (68%)  
    Secondary 43 (43%)  82 (31%)  
    Higher 3 (3%)  3 (1%)  
Open wel main source of 
household drinking water 32 (32%)  112 (42%) 0.08 
Ever received IRS 29 (30%)  83 (31%) 0.78 
Median elevation in meters 
(IQR) 959 (921, 1006)  960 (928, 1028) 0.99 
Median distance in meters 
to category 1 stream (IQR) 715 (354, 1082)  723 (341, 1150) 0.52 
Median distance in meters 
to category 2 stream (IQR) 2172 (470, 3105)  1969 (510, 2857) 0.6 
Median distance meters to 
category 3 stream (IQR) 1644 (427, 2197)  1365 (311, 2130) 0.71 
Median distance in meters 
to nearest health care 
facility (IQR) 3172 (792, 6163)  4074 (1809, 6092) 0.29 
Median distance in meters 
to road (IQR) 88 (28, 176)  69 (34, 126) 0.13 
Percent inland (3 km from 
Lake Mweru) 63 (63%)  151 (57%) 0.28 
Median degree of slope 
(IQR) 1.7 (0.9, 2.0)  1.6 (1.0, 2.5) 0.76 
NDVI value ≥ 0.5 44%  56% 0.04 
Number of other 
households within 500 m of 
each household 201 (83, 613)  141 (64, 447) 0.002 
Study visit in rainy season 48 (48%)  150 (56%) 0.16 
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Table 3.3 
Factors associated with RDT positivity in Nchelenge District, 2012-2014 
 
 Factors Univariate Multivariable 
Fixed Effects Odds Ratio (95% CI) Odds Ratio (95% CI) 
Individual Level Factors 
Sex 0.84 (0.68, 1.02) 0.96 (0.76, 1.2) 
Age Category   
   0 to 4 years 3.3 (2.5, 4.4) 2.5 (1.6, 3.9) 
   5 to 17 years 5.7 (4.4, 7.5) 5.7 (4.2, 7.7) 
   Older than 18 years REF REF 
Fever 1.4 (1.1, .8) 2.3 (1.1, 4.7) 
Age fever interaction 0.71 (0.53, 0.96) 0.74 (0.54, 1.0) 
Sought care for malaria 0.98 (0.91, 1.06) - 
Taken antimalarials past 4 weeks 1.5 (1.1, 2.0) - 
Use ITN night before 0.38 (0.29, .51) - 
Household and Environmental Level Factors 
Water source: open wel 1.4 (1.0, 1.8) 1.3 (0.94, 2.9) 
IRS, ever 0.91 (0.70, 1.2) - 
Elevation (per 10 m) 1.06 (0.99, 1.13) 1.20 (1.10, 1.30) 
Degree of slope 1.0 (0.97, 1.1) - 
Distance to nearest road* 1.36 (1.17, 1.59) 1.46 (1.26, 1.71) 
Within 3 km of Lake Mweru 0.85 (0.65, 1.1) - 
Number of structures within 500 m 0.99 (0.98, 0.99) 0.98 (0.98, 0.99) 
Rainy season 1.33 (1.02, 1.73) 1.9 (1.2, 2.9) 
NDVI value ≥ 0.5 1.32 (1.01, 1.72) - 
Distance to category 1 stream* 1.06 (.99, 1.14) 1.09 (1.00, 1.18) 
Distance to category 2 stream* 1.01 (0.99, 1.04) - 
Distance to category 3 stream* 1.00 (0.97, 1.02) 0.96 (0.93, 1.00) 
Interaction: season-category 3 
stream  
1.05 (0.99, 1.11) 1.06 (1.00, 1.11) 
Random Effects OR (95% CI) OR (95% CI) 
Household random efect - 2.0 (1.4, 2.8) 
*per 250 meters
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Figure 3.1 
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Figure 3.2 
Map of 1 km grid cels, enumerated structures and enroled households in 











	   71	  
Figure 3.3 
Map of the proportions of RDT positive residents within surveyed households in 












	   72	  
Figure 3.4 
 Map of the proportions of RDT positive residents within surveyed households by 
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Appendix 1 
Three examples of open wels used by households in the study area. 












	   74	  
References 
1. WHO. World Malaria Report 2013. Geneva, Switzerland: World Health 
Organization, 2013. 
2. Alonso P, Brown G, Arevalo-Herera M, Binka F, Chitnis C, Colins F, et al. 
A Research Agenda to Underpin Malaria Eradication. PLoS Medicine. 2011;8(1). 
3. Feachem R, Sabot O. A New Global Malaria Eradication Strategy. The 
Lancet. 2008;371:1633-5. 
4. Kamuliwo M, Chanda E, Haque U, Mwanza-Ingwe M, Sikaala C, Katebe-
Sakala C, et al. The changing burden of malaria and association with vector 
control interventions in Zambia using district-level surveilance data, 2006–2011. 
Malaria Journal. 2013;12:437. 
5. Mukonka V, Chanda E, Haque U, Kamuliwo M, Mushinge G, Chileshe J, 
et al. High burden of malaria folowing scale-up of control interventions in 
Nchelenge District, Luapula Province, Zambia. Malaria Journal. 2014;13:153. 
6. Cohen J, Smith D, Coter C, Ward A, Yamey G, Sabot O, et al. Malaria 
Resurgence: A Systematic Review and Assessment of Its Causes. Malaria 
Journal. 2012;11(122). 
7. Zhou G, Afrane Y, Vardo-Zalik A, Atieli H, Zhong D, Wamae P, et al. 
Changing Paterns of Malaria Epidemiology Between 2002 and 2010 in Western 
Kenya: The Fal and Rise of Malaria. PLoS One. 2011;6(5). 
8. Kasasa S, Asoala V, Gosonui L, Anto F, Adjuik M, Tindana C, et al. 
Spatio-temporal malaria transmission paterns in Navrongo demographic 
surveilance site, northern Ghana. Malaria Journal. 2013;12:63. 
	   75	  
9. Atieli H, Zhou G, Afrane Y, Lee M, Mwanzo I, Githeko A, et al. Insectice 
Treated Net (ITN) Ownership, Usage, and Malaria Transmission in the Highlands 
of Western Kenya Parasites and Vectors. 2011;4(113):1-10. 
10. Ardiet D, Graz B, Szeless T, Mauris A, Falquet J, Doumbo O, et al. 
Paterns of malaria indices across three consecutive seasons in children in a 
highly endemic area of West Africa: a three times-repeated cross-sectional study. 
Malaria Journal. 2014;13(1):199-207. 
11. Bousema T, Drakeley C, Gesase S, Hashim R, Magesa S, Mosha F, et al. 
Identification of Hot Spots of Malaria Transmission for Targeted Malaria Control. 
Journal of Infectious Diseases. 2010;201(1 June). 
12. Townes L, Mwandama D, Mathanga D, Wilson M. Elevated dry-season 
malaria prevalence associated with fine-scale spatial paterns of environmental 
risk: a case-control study of children in rural Malawi. Malaria Journal. 
2013;12:407. 
13. malERA. A Research Agenda for Malaria Eradication: Vector Control. 
PLoS Medicine. 2011;8(1). 
14. Moiroux N, Boussari O, Djenontin A, Damien G, Cotrel G, Henry M, et al. 
Dry Season Determinants of Malaria Disease and Net Use in Benin, West Africa. 
PLoS One. 2012;7(1). 
15. Mabaso M, Craig M, Ross A, Smith T. Environmental predictors fo the 
seasonality of malaria transmission in Africa" The chalenge. American Journal of 
Tropical Medicine and Hygiene. 2007;76(1):33-8. 
	   76	  
16. Omukunda E, Githeko A, Ndong'a M, Mushinzimana E, Yan G. Efect of 
Swamp Cultivation on Distribution of Anopheline Larval Habitats in Western 
Kenya. J Vector Borne Dis. 2012;49(2):61-71. 
17. Pinault L, Hunter F. Larval habitat associations with human land uses, 
roads, rivers, and land cover for Anopheles albimanus, A.pseudopunctipennis, 
and A.punctimacula (Diptera:Culicidae) in coastal and highland Ecuador. 
Frontiers in Physiology. 2012;3. 
18. Ouedraogo A, Tiono A, Diara A, Sanon S, Yaro J, Ouedraogo E, et al. 
Malaria Morbidity in High and Seasonal Malaria Transmission Area of Burkina 
Faso. PLos One. 2013;8(1). 
19. WHO. Focus on Zambia: Progress and Impact Series Country Report No 
2. Geneva, Switzerland: World Health Organization, 2011. 
20. Mharakurwa S, Thuma PE, Noris DE, Mulenga M, Chalwe V, Chipeta J, 
Munyati S, Mutamu S, Mason PR. Malaria Epidemiology and Control in Southern 
Africa. Acta Tropica. 2011;10.1016. 
21. Chizema-Kawesha E, Miler J, Steketee R, Mukonka V, Mukuka C, 
Mohamed A, et al. Scaling Up Malaria Control in Zambia: Progress and Impact 
2005-2008. American Journal of Tropical Medicine. 2010;83(3):480-8. 
22. MOH. Zambia National Malaria Indicator Survey 2012. Lusaka, Zambia: 
Ministry of Health Government of the Rebublic of Zambia, 2012. 
23. NMCP. National Malaria Control Programme Strategic Plan for FY 2011-
2015: "Consolidating malaria gains for impact". Lusaka, Zambia: National Malaria 
Control Programme, Ministory of Health, 2012. 
	   77	  
24. MOH. Zambia National Malaria Indicator Survey 2010. Lusaka, Zambia: 
Ministry of Health Government of the Rebublic of Zambia, 2010. 
25. Sutclife C, Kobayashi T, Hamapumbu H, Mharakurwa S, Thuma P, Louis 
T, et al. Reduced Risk of Malaria Parasitemia Folowing Household Screening 
and Treatment: A Cross-Sectional and Longitudinal Cohort Study. PLoS One. 
2012;7(2). 
26. Russel T, Lwetojiera D, Knols B, Kileen G, Kely-Hope L. Geographic 
coincidence of increased malaria transmission hazard and vulnerability occuring 
at the periphery of two Tanzanian vilages. Malaria Journal. 2013;12(24). 
27. Clennon JA KA, Musapa M, Shif C, Glass GE. Identifying Malaria Vector 
Breeding Habitats with Remote Sensing Data and Terain-Based Landscape 
Indices in Zambia. International Journal of Health Geographics. 2010;9(58). 
28. Moss W, Hamapumbu H, Kobayashi T, Shields T, Kamanga A, Clennon J, 
et al. Use of Remote Sensing to Identify Spatial Risk Factors for Malaria in a 
Region of Declining Transmission: A Cross-Sectional and Longitudinal 
Community. Malaria Journal. 2011;10:163. 
29. Davis R, Kamanga A, Castilo-Salgado C, Chime N, Mharakurwa S, Shif 
C. Early Detection of Malaria Foci for Targeted Interventions in Endemic 
Southern Zambia. Malaria Journal. 2011;10(260). 
30. Laishram D, Suton P, Nanda N, Sharma V, Sobti R, Carlton J, et al. The 
complexities of malaria disease manifestations with a focus on asymptomatic 
malaria. Malaria Journal. 2012;11(29). 
	   78	  
31. Bejon P, Wiliams T, Liljander A, Noor A, Wambua J, Ogada E, et al. 
Stable and Unstable Malaria Hostpots in Longitudinal Cohort Studies in Kenya. 
PLoS Medicine. 2010;7(7). 
32. Lin J, Saunders D, Meshnick S. The role of submicroscopic parasitemia in 
malaria transmission: what is the evidence? Trends in Parasitology. 2014;30(4). 
33. Lindblade K, Steinhardt L, Samuels A, Kachur S, Slutsker L. The silent 
threat: asymptomatic parasitemia and malaria transmission. Expert Rev Anti 
Infect Ther. 2013;11(6):623-39. 
34. Guilebaud J, Mahamadou A, Zamanka H, Katzelma M, Arzika I, Ibrahim 
M, et al. Epidemiology of malaria in an area of seasonal transmission in Niger 
and implications for the design of a seasonal malaria chemoprevention strategy. 
Malaria Journal. 2013;12(1):379. 
35. Kyabayinze D, Tibenderana J, Odong G, Rwakimari J, Counihan H. 
Operational accuracy and comparative persistent antigenicity of HRP2 rapid 
diagnostic tests for Plasmodium falciparum malaria in a hyperendemic region of 
Uganda. Malaria Journal. 2008;7(221). 
36. Nankarbirwa J, Brooker S, Clarke S, Fernando D, Gitonga C, 
Schelenberg D, et al. Malaria in school-age children in Africa: An increasingly 






	   79	  
Chapter 4: Spatial Prediction of Seasonal Malaria Risk in a Seting with 
Perennial Transmission: Seting of Nchelenge District, in Northern Zambia, 
2012-2014 
	  
Authors: Jessie Pinchof, Timothy Shields, Mike Chaponda, Mbanga Muleba, 
Modest Mulenga, Wiliam J. Moss and Frank C. Curiero for the Southern Africa 
International Centers of Excelence for Malaria Research 
 
Abstract 
Background: Despite scale-up of malaria control activities in Zambia, 
transmission remains high in some areas. Proximity to environmental features 
indicative of vector breeding sites may modulate household malaria risk. Malaria 
risk maps may be used to target vector control interventions to high-risk 
populations. 
Methods: Household malaria surveys were conducted in Nchelenge District, 
Luapula Province in northern Zambia from February 2012 through December 
2013. Households were enumerated based on satelite imagery and randomly 
selected for study enrolment. At each visit, adults and caretakers of children 
were administered a questionnaire and a malaria rapid diagnostic test (RDT) was 
performed. Data on the spatial distribution of malaria cases were used to 
generate a risk map based on demographic and environmental features, 
including population density, vegetation index, slope, and proximity to category 1, 
2, and 3 streams, Lake Mweru, health facilities and roads. Streams were 
categorized using hydrological models based on a digital elevation model (DEM) 
derived from the Shutle Radar Topography Mission version 3. Logistic 
regression models based on environmental variables were used to construct 
spatial prediction risk maps using R statistical software packages and ArcGIS 
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v10.2. 
Results: A total of 351 households were visited, comprising 1,362 participants, of 
whom 48% were RDT positive. Several environmental features were associated 
with increased household malaria risk in a multivariable logistic regression 
model. The rainy season nearly doubled household malaria risk (OR=1.9, 95% 
confidence interval [CI]: 1.3, 2.9). For every 250-meter decrease in distance from 
a category 1 stream, households had a 10% increased risk of malaria (OR=1.1, 
CI: 1.0, 1.2). This relationship was also observed for category 3 streams but only 
during the rainy season: for every 250-meter decrease in distance from a 
category 3 stream malaria risk increased 5% (OR=1.1, CI: 1.0, 1.1). For every 
250-meter decrease in distance from a road, households had a 44% increased 
risk of malaria (OR=1.4, CI: 1.2, 1.8). Increased degree of slope and lower 
altitude were also associated with a higher household malaria risk. The model 
was validated using both internal and external evaluation measures to generate 
and assess root means square eror (RMSE). The final, validated model was 
used to predict and map malaria risk with a measure of risk uncertainty. 
Conclusions: Malaria risk in a high, perennial transmission seting is 
heterogeneous at a local scale, with variation by season. Prediction maps based 
on proximity to environmental features may be useful to target vector control 
interventions to the highest risk geographic areas. 
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Background 
Zambia is a malaria endemic country in sub-Saharan Africa that has 
historicaly experienced high burden of malaria morbidity and mortality. Between 
2006 and 2011, several national malaria control interventions were scaled-up, 
including case management with rapid diagnostic tests (RDTs) and artemisinin-
combination therapy (ACT), distribution of long-lasting insecticide-treated nets 
(LLINs), indoor residual spraying (IRS), and intermitent preventive therapy (IPT) 
for pregnant women (1). Despite substantial progress, malaria transmission 
remains high northern Zambia. In regions experiencing high, perennial 
transmission, the goal is malaria control: to reduce the burden of malaria to a 
manageable level (2). New or enhanced methods are necessary to achieve 
malaria control in resource-constrained areas with persistently high malaria 
transmission. Generating maps of variation in malaria risk can be used to target 
control interventions for maximal impact. However, uptake of mapped malaria 
epidemiology remains poor; only 5 countries used mapped malaria data to define 
their national strategic plans or applications to the Global Fund (3). 
One obstacle to control is that malaria transmission is heterogeneous in its 
distribution across time and space (4). Mathematical models predict that 
heterogeneity of transmission reduces the eficacy of disease control strategies 
(5). Advances in remote sensing and satelite imagery alow for highly accurate 
characterization of environmental and ecological features that may be associated 
with mosquito breeding sites (6), such as proximity to water (7, 8), topography 
(9), vegetation (10, 11) and anthropogenic features such as roads or irigation 
systems (12, 13). These features alter the geographical distribution of malaria by 
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directly or indirectly influencing the development, density and location of 
mosquito vectors and their breeding sites (14). The ability to predict spatial 
variation in malaria risk has improved with these advanced technologies. 
Malaria risk maps need to be at a suficiently fine scale of spatial 
resolution and accuracy to be useful as spatial decision support tools for targeted 
malaria control, as incidence can vary significantly across smal geographic 
areas (15, 16). Spatial and seasonal heterogeneity of malaria transmission 
remain poorly characterized and many existing risk maps have limited 
operational use for malaria control activities because they are at coarse spatial 
resolution (national level or higher), based on historical data, or on national level 
surveys with large unsampled areas (17-19). Few malaria risk maps are 
associated with measures of spatial uncertainty, which may provide valuable 
information on model fit and accuracy (20). High-resolution maps may be useful 
for eficient and cost-efective targeting of interventions to the highest risk areas 
(3, 10, 14, 16, 20-22).  
The study aim was to generate and validate a high-resolution empirical 
risk map for household malaria risk in Nchelenge District, Luapula Province, 
Zambia. This is a region with inadequate malaria control. According to the 
National Malaria Indicator Survey (MIS) in 2012, Luapula Province had the 
highest malaria prevalence in the country (23). In Nchelenge District specificaly, 
malaria parasitemia increased from 38% to 56% between 2006 and 2012 (24). 
The risk map determined environmental features predictive of malaria risk, 
information that can be used for targeting of malaria control activities. 
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Methods 
Study Participants and Procedures 
 Satelite images were used to generate a sampling frame for the random 
selection of households to enrol in a prospective community cohort study. 
Longitudinal (households visited repeatedly) and cross-sectional (households 
visited once) surveys were conducted, alternating by month. A grid with 1x1 km2 
cels was drawn over the satelite image of Nchelenge District, Luapula Province, 
and grid cels were selected based on geographic location; households within 
each selected grid cel were enumerated and assigned a GPS coordinate. 
Satelite imagery was obtained from DigitalGlobes Services, Inc (Denver, 
Colorado). The image was imported into ArcGIS 10.2 (ESRI, ArcGIS, Redlands, 
California) and locations of households were identified and enumerated 
manualy.  
 A field team was provided coordinates of the randomly selected 
households to contact for enrolment. If a household was not found or refused 
participation, a household was selected from a back-up list of randomly selected 
households. After obtaining permission from the local chief and head of 
household, as wel as individual informed consent, a questionnaire was 
administered to each participant residing within the household and a blood 
sample was colected by finger prick. For children under the age of 16 years, the 
questionnaire was directed to their caregiver who provided consent. Rapid 
diagnostic tests (RDT) were used to detect P. falciparum histidine-rich protein 2 
(ICT Diagnostics, Cape Town, South Africa). The RDT was shown to detect 82% 
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of test samples with wild-type P. falciparum at a concentration of 200 
parasites/µL and 98% of test samples with a concentration of 2000 parasites/µL, 
with false positives in 0.6% of negative samples (25). Al individuals with positive 
RDTs were ofered treatment with artemether-lumefantrine (Coartem®). 
Landscape characterization 
Environmental covariates were generated for each study household and 
analyzed using ArcGIS version 9.2 (ESRI ArcGIS, Redlands, CA). A handheld 
Android tablet was used to record the household coordinates. A digital elevation 
model (DEM) for the area with 90-meter resolution was obtained from the Shutle 
Radar Topography Mission (SRTM) version 3. Elevation values corespond to 
the reflective surface on the earth and represent soil surface, vegetation or man-
made features such as asphalt roads. The SRTM imagery was colected during a 
2001 space shutle mission using a multi-frequency, multi-polarization radar 
system. Each pixel represents a 90-meter average elevation around each pixel’s 
center. The DEM was processed in ERDAS Imagine 2011 and imported into 
ArcGIS 10.1. The ArcHydro Tools module of ArcGIS was used to develop a 
stream network and classification. This module uses elevation to determine water 
flow direction and accumulation to build a stream network, which is assigned to a 
stream order based on the Strahler classification. The Strahler classification 
assigns an order value of 1, 2, 3, etc. based upon the hierarchy of tributaries. 
Each beginning segment of a stream or river within a stream network is a first-
order or category 1 stream. A second-order stream is formed when two first-order 
streams come together. When two second-order or category 2 streams meet 
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they form a third-order stream. The degree of slope was also derived from the 
SRTM image.  
 Al structures that appeared to be households were enumerated based on 
satelite imagery. The sum of these structures located within 500 meters of a 
study household was calculated as a measure of population density. The 
distance from each enroled household to the nearest road, nearest health facility 
and Lake Mweru were also calculated using the near tool in ArcGIS. A binary 
variable denoting households near the lake or interior was generated based on 
spatial location, with households less than 3 km from the lake considered near. 
 The normalized diference vegetation index (NDVI) was used to assess 
ground cover. NDVI is derived from LandSat 5 Moderate Resolution Imaging 
Spectroradiometer (MODIS) from the US Geological Survey (USGS) Land 
Processes Distributed Active Archive Center (LP DAAC). NDVI is the ratio of 
(near infrared – visible infrared) divided by (near infrared + visible infrared) in µm, 
with 30-meter resolution. Values for NDVI range from -1 to +1: negative values 
represent bodies of water, values near zero represent asphalt, and increasing 
values corespond to increasing abundance of actively photosynthesizing 
vegetation or “greenness” (11).  
Rainfal data from a weather-monitoring tool was used to generate a 
variable for season. The HOBO Micro Station (Onset Computer Corporation, 
Bourne, MA) is a four-sensor data logger designed to take measurements of 
rainfal, temperature and relative humidity at hourly intervals. 
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Statistical analyses  
 We identified prevalent malaria infections by RDT using data from the 
cross-sectional surveys and first visit to the longitudinal survey households. 
Logistic regression was used to identify environmental features associated with 
the proportion of individuals in a household who were RDT positive. Variables 
including al two-way interactions with season were explored in univariate models 
and those with p-values ≤0.1 were considered for inclusion in the final model. 
Logistic regression inference was based on the quasi-binomial distribution to 
account for overdispersion. Semivariogram plots based on regression 
standardized residuals were used to assess residual spatial variation (spatial 
variation in the proportion of RDT positive individuals per household not 
accounted for by the regression variables). 
Model fit was evaluated using the Hosmer-Lemeshow goodness of fit test. 
Prediction performance of the final model was evaluated internaly and with an 
external data set. For internal evaluation, a Monte-Carlo scheme was designed 
as folows: for each 1,000 iterations, the data were randomly split into a training 
data set and a prediction data set, with the prediction set being 10% (n=35) of the 
total 351 sampled households from 2012-2014. The final regression model was 
refit in each iteration and used to predict the number of RDT positive household 
members in the prediction data set. Root mean squared eror (RMSE) 
comparing the predicted to the true number of RDT positives per household was 
the performance metric used. Results were summarized by the average RMSE 
and coresponding 95% prediction interval (taken as the 2.5th and 97.5th 
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percentiles) from the 1,000 Monte Carlo RMSEs. For external evaluation, the 
final regression model was run for the data restricted to 2012-2013 and used to 
predict the number of RDT positive household members for the 2014 sampled 
households (n=57) with RMSE used to evaluate prediction performance.  In both 
the internal and external evaluation of the model’s predictive performance, RMSE 
was calculated for al the predictions and also stratified for larger versus smaler 
households, defined by using the median threshold of 4 household members, 
and those prediction households sampled in the rainy versus dry seasons. 
Statistical analyses were conducted using R statistical software packages 
(version 3.1.1) (26). 
As a final step in the analysis, a grid of 500 m2 cels was drawn over the 
study site in ArcGIS. Environmental covariates matching those in the final model 
were generated for the centroid of each grid cel. The final model fit using the ful 
2012-2014 data was used to predict the risk of RDT household positivity at each 
grid cel and then mapped onto the grid. Inverse distance weighting (IDW) was 
implemented in ArcGIS to smooth risk values. A map of prediction uncertainties 
was also produced based on the standard eror from the prediction model, using 
the same methods as for the prediction risk values for the grid. A final map of the 
diference in prediction values by season was created to highlight areas where 
there was more change between seasons. Only environmental variables were 
included in the model because these values are obtainable at un-surveyed 
locations and can be used in the model to predict malaria risk beyond the study 
area. 
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Results 
 A total of 353 households comprising 1,366 individuals were sampled 
between April 2012 and June 2014. Households had an average of 4 household 
members (minimum of 1 and maximum of 13 individuals). The median proportion 
of RDT positive individuals in a household was 50% (IQR 15%, 67%.) (Table 
4.1). Fifty-four percent of study visits occured during the rainy season.  
In the final multivariate logistic regression model, several environmental 
features were associated with the proportion of individuals testing RDT positive 
within households. Malaria increased with proximity to streams and during the 
rainy season. Household malaria risk was almost double during the rainy season 
compared to the dry season (OR=1.9, CI: 1.3, 2.9) (Table 4.2). Household risk of 
malaria increased 10% (OR=1.1, CI: 1.0, 1.2) for every 250-meter decrease in 
distance from a category 1 stream. Although proximity to a category 3-stream 
was not associated with RDT positivity, a significant interaction was identified 
between proximity to category 3 streams and season. In the rainy season, 
household risk of malaria increased 5% (OR=1.1, CI: 1.0, 1.1) for every 250-
meter decrease in distance from a category 3 stream (Table 4.2). Household 
malaria risk was also associated with terain, as measured by elevation and 
slope. The range of elevation in the study area was 877 to 1049 meters. For 
every 50-meter decrease in elevation, household risk of malaria increased 61% 
(OR=1.6, CI: 1.2, 2.2) (Table 4.2). The degree of slope is the angle at which the 
terain lies. The range for the entire study area was between 0 and 30 degrees 
and the range for sampled households was between 0 and 10 degrees. For 
each increase in the degree of slope, household risk of malaria increased 7% 
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(OR=1.1, CI: 1.0, 1.2) (Table 4.2). Household risk of malaria increased by 44% 
(OR=1.4, CI: 0.1.2, 1.8) for every 250-meter distance closer to the nearest road 
(Table 4.2). 
Residual semivariograms based on Pearson standardized regression 
residuals and maximum likelihood fited spherical semivariogram models were 
calculated for both the nul (intercept only) and final regression models (Appendix 
2). Comparing the nul model to the final regression model revealed that the 
included regression covariates substantialy accounted for spatial variation in the 
regression outcome. However, regression inference and prediction variances 
were stil adjusted for over-dispersion to provide more conservative estimates. 
To validate the predictive performance of the final multivariable model, 
both internal and external evaluations were implemented. For the internal 
evaluation based on the 2012-2014 data, the average RMSE was 1.2, 
suggesting that on average, when applied to the total number of household 
members, the model prediction was within 1.2 individuals (95% prediction 
interval: 0.8, 1.6) of predicting the corect number of RDT positive household 
members (Table 4.3). Model prediction was beter in the dry season; the average 
ratio of the rainy season RMSE to dry season RMSE was 1.1 (95% prediction 
interval: 0.6, 1.9) (Table 4.3). Model prediction was beter in houses with 4 or 
fewer residents; the average ratio of the RMSE for large houses (>4 members) to 
smal houses (≤4 members) was 1.8 (95% prediction interval: 1.0, 2.9) (Table 
4.3).  
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In the external validation, the model was generated using 2012-2013 data 
to assess model fit withholding the 57 households visit during 2014. The external 
validation produced an RMSE of 1.4, indicating that on average the model 
predicted risk when applied to the total number of household members was 
within 1.4 individuals of predicting the corect number of RDT positive household 
members, slightly higher than for the internal validation (Table 4.3). The ratio for 
rainy to dry season RMSE was 1.3, and for large to smal households was 2.4 
(Table 4.3). The 2012-2013 and 2014 household locations with observed versus 
predicted plots based on the 2014 households for al predictions and for 
predictions stratified by season and household size are depicted (Figure 4.3). 
After validation of the final model, a predictive malaria risk map was 
generated for the rainy and dry seasons based on the ful 2012-2014 data set. 
The maps indicate increased household malaria risk near roads and category 1 
streams, and in proximity to category 3 streams during the rainy season only 
(Figure 4.1). The standard erors from the prediction map were mapped to 
identify areas of higher uncertainty of model predictions (Figure 4.1). The 
diference in predictions between rainy and dry season highlights the seasonal 
increase in risk along category 3 streams (Figure 4.2). 
 
Discussion 
Malaria risk maps for Nchelenge District, Zambia identified significant 
spatial and seasonal variation in malaria risk within a smal geographic area in a 
region with high, perennial malaria transmission. To date, ecological analyses to 
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guide malaria control have been limited. Overal models are complex, there is 
variation in the efects of the same ecological features in diferent areas or times, 
and marked residual variation of malaria continues to be detected, signifying that 
models are not controling for al aspects of malaria transmission (10). This 
inconsistency and high level of complexity make ecological models and maps 
often not readily available to malaria control programs. Even if they are 
available, most countries fail to use them in planning their national malaria 
control strategies (3). 
This model was constructed based on high-resolution satelite imagery 
and malaria prevalence data colected between 2012 and 2014 in a cohort of 
randomly selected households. The model accurately identified environmental 
features associated with increased household malaria risk and also characterized 
variation in prediction uncertainty. The inclusion of an uncertainty map is 
important yet unusual in spatial analyses of malaria transmission and risk maps. 
It is critical to show spatial variation in prediction uncertainty to highlight areas for 
additional surveilance, ensure appropriate use of risk maps and address ways to 
improve model predictions. 
The risk map identified several high-risk areas based on proximity to 
environmental features. Streams and marshlands are highly associated with 
vector breeding sites. Category 1 streams are smal and the water is not fast 
moving; these may provide ideal breeding sites for anopheline mosquitoes year 
round in Nchelenge District. Category 2 and 3 streams may be too large and fast 
moving to provide vector-breeding sites. However, in the rainy season, category 
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3 streams may flood, creating marsh-like conditions ideal for anopheline breeding 
sites. This may increase the abundance of anopheline vectors in the rainy 
season. Additional potential sources of year round breeding sites are highlighted 
by the increased risk of malaria along roads and in households that use open 
wels as the main source of water. Previous studies have found that satelite 
images and remotely sensed data accurately predict breeding sites, which is 
useful since ground testing can be expensive and time intensive (6, 27). 
However, it is important to continue assessing the accuracy of these data. 
The risk maps generated in this analysis have some limitations. The 
semivariogram, a measure of residual spatial variation, indicates that the model 
accounts for most but not al spatial variation. Unexplained spatial variation may 
be from individual and household level factors such as age, use of protective 
measures, and roof material of the household (10). These variables cannot be 
included in models predicting from sampled to unsampled areas because 
household data in unsampled areas is not known, although environmental data 
can be derived in unsampled areas from satelite imagery and remotely sensed 
data and used to predict the outcome of malaria risk. The risk maps are also 
based on RDT positivity of individuals within enroled households; in such a high 
transmission seting, it is possible that some people may be antigenemic for 
several weeks after parasite clearance, leading to over-estimation of parasitemia 
by RDT.  
In Nchelenge District, the prevalence of malaria remains high, and 
improved techniques are necessary to reduce the burden of disease. The malaria 
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risk map generated in this study accurately characterized the heterogeneity of 
malaria transmission and identified high-risk areas. There are many uses for 
malaria risk maps such as this one by national malaria control programs if they 
can be generated at the appropriate level of spatial resolution. Generating high-
resolution, predictive risk maps that highlight heterogeneity of malaria can help 
limited resources be more eficiently spatialy targeted according to local needs 
(14, 19). Risk maps may aid in the prioritization of high-risk areas, and in guiding 
the implementation of focused, intense interventions (4). Using risk maps to 
guide targeting may be particularly applicable to IRS, which is an expensive yet 
efective method of vector control that is increasing in use despite few 
recommendations for where and how to target. For risk maps to be useful spatial 
decision support tools for targeted malaria surveilance and intervention delivery, 
the maps must be at high spatial resolution but must also be based on data and 
models accessible to national malaria control programs. These findings may be 
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Table 4.1 
Characteristics of sampled households and environmental variables in 




≥ 1 RDT-positive 
resident 
Households with 
no RDT positive 
residents Al households 
Median number of household 
members (IQR) 4 (3, 5) 2 (1, 4) 4 (2, 5) 
Median distance to nearest 
category 1 stream in meters 
(IQR) 723 (341, 1150) 715 (354, 1082) 717 (345, 1113) 
Median distance to nearest 
category 2 stream in meters 
(IQR) 1969 (510, 2857) 2172 (470, 3105) 2139 (510, 2898) 
Median distance to nearest 
category 3 stream in meters 
(IQR) 1365 (311, 2130) 1644 (427, 2197) 1442 (338, 2138) 
Median number of structures 
within 500 meters (IQR) 141 (64, 447) 210 (83, 613) 145 (71, 479) 
Median distance to nearest 
road in meters (IQR) 69 (34, 126) 88 (55, 176) 74 (39, 139) 
Median degree of slope 
(IQR) 1.6 (1.0, 2.5) 1.5 (0.9, 2.0) 1.6 (1.0, 2.3) 
Median elevation in meters 
(IQR) 950 (939, 966) 953 (940, 970) 951 (939, 967) 
Median normalized 
diference vegetation index 
(IQR) 0.5 (0.5, 0.6) 0.5 (0.4, 0.5) 0.5 (0.5, 0.6) 
Median distance to nearest 
health facility in meters (IQR) 4075 (1809, 6092) 3172 (792, 6163) 3987 (1526, 6104) 
Median distance to Lake 
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Table 4.2 
Univariate and multivariable logistic regression models of environmental factors 
associated with RDT positivity in Nchelenge District, 2012-2014 
 
 Univariate Models*  Multivariable Model 
 OR 95% CI  OR 95% CI 
Distance to category 
1 stream (per 250 m) 1.1 1.0, 1.1  1.1 1.0, 1.2 
Distance to category 
2 stream (per 250 m) 1.0 1.0, 1.0  - - 
Distance to category 
3 stream (per 250 m) 1.0 1.0, 1.0  1.0 0.9, 1.0 
Rainy season 1.4 1.1, 1.8  1.9 1.3, 2.9 
Interaction: Category 
3 stream and rainy 
season 1.1 1.0, 1.1  1.1 1.0, 1.1 
Number of structures 
within 500 m 0.9 0.9, 1.0  0.9 0.9, 1.0 
Distance to nearest 
road (per 250 m) 1.4 1.2, 1.6  1.4 1.2, 1.8 
Degree of slope 1.0 1.0, 1.1  1.1 1.0, 1.2 
Elevation (per 10 m) 1.3 1.0, 1.6  1.6 1.2, 2.2 
NDVI value ≥0.5 1.3 1.1, 1.6  - - 
Distance to health 
facility (per 250 m) 1.0 1.0, 1.0  - - 
Distance to Lake 
Mweru (per 250m) 1.0 1.0, 1.0  - - 
Lake vs. interior 0.8 0.7, 1.0  - - 
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Table 4.3 
RMSE values and ratios calculated for an internal and external validation of final 








RMSE Values from 
External Validation 
Using Data Colected 
in 2014 
 
Characteristic   
RMSE 1.2 (0.8, 2.6) 1.4 
RMSE ratio rainy 
vs. dry 1.1 (0.6, 1.9) 1.3 
RMSE ratio large 
vs Households 
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Figure 4.1 
Predictive malaria risk map and uncertainty maps by season for Nchelenge 
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Figure 4.2 
Map of diference in risk (rainy minus dry risk values) between seasons for 
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Figure 4.3 
External evaluation results: map of Nchelenge District study area indicating the 
2012-2013 and 2014 households (upper left), observed vs. predicted plots for al 
households (upper right), stratified by season (botom left), and stratified by 


















































































Model Evaluation 2014: HH Members 4 or less vs HH Members > 4
HH Member <= 4: RMSE=0.93


























































Model Evaluation 2014: Rainy vs Dry Season
Rainy Season: RMSE=1.48
Dry Season: RMSE=1.16
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Appendix 2 
Residual semivariograms based on Pearson standardized regression residuals of 
nul model (intercept only) and ful model (multivariable model). The fited 














	   101	  
References  
1. Kamuliwo M, Chanda E, Haque U, Mwanza-Ingwe M, Sikaala C, Katebe-Sakala 
C, et al. The changing burden of malaria and association with vector control interventions 
in Zambia using district-level surveilance data, 2006–2011. Malaria Journal. 
2013;12:437. 
2. Hay S, Smith D, Snow R. Measuring Malaria Endemicity from Intense to 
Interupted Transmission. Lancet Infectious Diseases. 2008;8:369-78. 
3. Noor A, ElMardi K, Abdelgader T, Patil A, Amine A, Bakhier S, et al. Malaria 
Risk Mapping for Control in the Republic of Sudan. American Journal of Tropical 
Medicine and Hygiene. 2012;87(6):1012-21. 
4. Coleman C, Coleman M, Mabuza A, Kok G, Coetzee M, Durheim D. Using the 
SaTScan Method to Detect Local Malaria Clusters for Guiding Malaria Control 
Programmes. Malaria Journal. 2009;8(68). 
5. Smith D, McKenzie F, Snow R, Hay S. Revisiting the Basic Reproductive 
Number for Malaria and its Implications for Malaria Control. PLoS Biology. 
2007;5(3):531-42. 
6. Clennon JA, Musapa M, Shif C, Glass GE. Identifying Malaria Vector Breeding 
Habitats with Remote Sensing Data and Terain-Based Landscape Indices in Zambia. 
International Journal of Health Geographics. 2010;9(58). 
7. Moss W, Hamapumbu H, Kobayashi T, Shields T, Kamanga A, Clennon J, et al. 
Use of Remote Sensing to Identify Spatial Risk Factors for Malaria in a Region of 
Declining Transmission: A Cross-Sectional and Longitudinal Community. Malaria 
Journal. 2011;10:163. 
	   102	  
8. Ghebreyesus T, Haile M, Witen K, Getachew A, Yohannes A, al. e. Incidence of 
malaria among children living near dams in northern Ethiopia: community based 
incidence survey. BMJ. 1999;319:663-6. 
9. Nmor J, Sunahara T, Goto K, Futami K, Sonye G, Akewywa P, et al. Topographic 
models for predicting malaria vector breeding habitats: potential tools for vector control 
managers. Parasites and Vectors. 2013;6(14). 
10. Bejon P, Wiliams T, Liljander A, Noor A, Wambua J, Ogada E, et al. Stable and 
Unstable Malaria Hostpots in Longitudinal Cohort Studies in Kenya. PLoS Medicine. 
2010;7(7). 
11. Eisele T, Keating J, Swalm C, Mbogo C, Githeko A, Regens J, et al. Linking 
field-based ecological data with remotely sensed data using a geographic information 
system in two malaria endemic urban areas of Kenya. Malaria Journal. 2003;2(44). 
12. Pinault L, Hunter F. Larval habitat associations with human land uses, roads, 
rivers, and land cover for Anopheles albimanus, A.pseudopunctipennis, and 
A.punctimacula (Diptera:Culicidae) in coastal and highland Ecuador. Frontiers in 
Physiology. 2012;3. 
13. Omukunda E, Githeko A, Ndong'a M, Mushinzimana E, Yan G. Efect of Swamp 
Cultivation on Distribution of Anopheline Larval Habitats in Western Kenya. J Vector 
Borne Dis. 2012;49(2):61-71. 
14. Raso G, Schur N, Utzinger J, Koudou B, Tchicaya E, Rohner F, et al. Mapping 
malaria risk among children in Cote d'Ivoire using Bayesian geo-statistical models. 
Malaria Journal. 2012;11(1):160. 
	   103	  
15. Townes L, Mwandama D, Mathanga D, Wilson M. Elevated dry-season malaria 
prevalence associated with fine-scale spatial paterns of environmental risk: a case-
control study of children in rural Malawi. Malaria Journal. 2013;12:407. 
16. Magalhaes R, Langa A, Sousa-Figueiredo J, Clements A, Nery SV. Finding 
malaria hot-spots in northern Angola: the role of individual, household and 
environmental factors within a meso-endemic area. Malaria Journal. 2012;11(1):385. 
17. Craig M, Sharp B, Mabaso M, Kleinschmidt I. Developing a spatial-statistical 
model and map of historical malaria prevalence in Botswana using a staged variable 
selection procedure. International Journal of Health Geographics. 2007;6(44). 
18. Yeshiwondim A, Gopal S, Hailemariam A, Dengela D, Patel H. Spatial Analysis 
of Malaria Incidence at the Vilage Level in Areas With Unstable Transmission in 
Ethiopia International Journal of Health Geographics. 2009;8(5). 
19. Riedel N, Vounatsou P, Miler J, Gosniu L, Chizema-Kawesha E, Mukonka V, et 
al. Geographical Paterns and Predictors of Malaria Risk in Zambia: Bayesian 
Geostatistical Modeling of the 2006 Zambia National Malaria Indicator Survey (ZMIS). 
Malaria Journal. 2010;9(37). 
20. Cohen J, Dlamini S, Novotny J, Kandula D, Kunene S, Tatem A. Rapid case-
based mapping of seasonal malaria transmission risk for strategic elimination planning in 
Swaziland. Malaria Journal. 2013;12(1):61. 
21. Noor A, Moloney G, Borle M, Fegan G, Shewchuk T, Snow R. The Use of 
Mosquito Nets and the Prevalence of Plasmodium falciparum Infection in Rural South 
Central Somalia . PLoS One. 2008;3(5). 
	   104	  
22. Rulisa S, Kateera F, Bizimana J, Agaba S, Dukuzumuremyi J, Baas L, et al. 
Malaria Prevalence, Spatial Clustering and Risk Factors in a Low Endemic Area of 
Eastern Rwanda: A Cross Sectional Study. PLoS One. 2012;8(7). 
23. MOH. Zambia National Malaria Indicator Survey 2012. Lusaka, Zambia: 
Ministry of Health Government of the Rebublic of Zambia, 2012. 
24. Mukonka V, Chanda E, Haque U, Kamuliwo M, Mushinge G, Chileshe J, et al. 
High burden of malaria folowing scale-up of control interventions in Nchelenge District, 
Luapula Province, Zambia. Malaria Journal. 2014;13:153. 
25. WHO. Malaria rapid diagnostic test performance: results of WHO product testing 
of malaria RDTs: round 1 (2008). France: 2009. 
26. Team RC. R: A language and environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical computing; 2013. 
27. Mushinzimana E, Munga S, Minakawa N, Li L, Feng C, Bian L, et al. Landscape 
Determinants and Remote Sensing of Anopheline Mosquito Larval Habitats in the 
Western Kenya Highlands. Malaria Journal. 2006;5(13). 
 
 
	   105	  
Chapter 5: Individual- and Household-Level Factors Associated With 
Sustained ITN Use Folowing a Reduction in Malaria Transmission in 
Southern Zambia  
 
Authors: Jessie Pinchof, Hary Hamapumbu, Tamaki Kobayashi, Limonty 
Simubali, Jennifer Stevenson, Douglas E. Noris, Elizabeth Colantuoni, Philip E. 
Thuma and Wiliam J. Moss for the Southern Africa International Centers of 
Excelence for Malaria Research 
 
Abstract 
Background: The prevalence of malaria has declined in parts of sub-Saharan 
Africa. As the perceived risk of malaria decreases, the use of personal protective 
measures may also decline. Understanding factors that influence insecticide-
treated net (ITN) ownership and use in areas of declining transmission is critical 
to promote continued use and thus achieve and sustain malaria elimination. 
Methods: Households in the catchment area of Macha Hospital in Choma 
District, Southern Province, Zambia were enumerated using satelite imagery and 
randomly selected for enrolment. Households were either visited once (cross-
sectional) or every other month (longitudinal). A questionnaire was administered 
to adults and caretakers of children to colect information on malaria-related 
beliefs and behaviors, and a malaria rapid diagnostic test (RDT) was performed. 
Mosquitoes were colected concurently using light traps.  
Results: The prevalence of malaria as measured by RDT at cross-sectional and 
first visit to longitudinal households decreased from 8.4% in 2008 to 2.1% in 
2013. ITN ownership at the cross-sectional and first visit to longitudinal 
households increased from 77% in 2008 to 83% in 2013. Overal, ITN use was 
higher at folow-up visits (77%) compared to first visits (62%) in the longitudinal 
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cohort (p<0.0001). Individual and household level factors associated with ITN 
use were assessed using longitudinal, multi-level regression models. In the multi-
level model, ITN use was 80% higher during the rainy season compared with the 
dry season (OR=1.8; 95% confidence interval [CI]=1.5, 2.2), and 50% higher 
among participants who learned about malaria from a community health worker 
as opposed to not learning or learning from another source (OR=1.5; CI 1.2, 2.0). 
Residents of households with three or more nets were more than twice as likely 
to use an ITN (OR=2.1; CI 1.4, 3.1). For every increase in 500 meters from the 
nearest health center, the odds of ITN use decreased 7% (OR=0.9; CI 0.9, 1.0). 
For 2012 and 2013, the association between total (anopheles and culicine) 
mosquitoes and ITN use was assessed. A total of 9, 265 mosquitoes were 
caught; 2,728 (29.4%) anophelines and 6,537 (69.6%) culicines. In a multi-level 
logistic regression model, the odds of ITN use were more than twice as high if 
more than five mosquitoes were captured in the house as compared to 0 
mosquitoes, after adjusting for season and whether it was the first or a folow up 
visit (OR=2.1; CI 1.1, 3.9).  Lastly, responses to qualitative questions were 
tabulated to identify reasons for not owning or using an ITN. Absence of 
mosquitoes and dificulty hanging ITNs in the household were deterents to ITN 
use.  
Conclusions: ITN use can be sustained in low transmission setings with 
continued education and distributions, and may be driven in part by the presence 
of nuisance mosquitoes.  
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Background 
 The Bil and Melinda Gates Foundation, World Health Organization 
(WHO), and, later, the Rol Back Malaria (RBM) Partnership are al supporting 
malaria elimination (1). Several tools are widely used for malaria control and 
elimination, including artemisinin combination therapies (ACTs) for treatment of 
infection confirmed by rapid diagnostic tests (RDT) or microscopy, indoor 
residual spraying (IRS), intermitent preventive therapy for pregnant women 
(IPTp), seasonal malaria chemoprophylaxis, and long-lasting insecticide treated 
nets (LLINs).  Substantial increases in funding for malaria control and the 
procurement and distribution of these tools for prevention and treatment are 
associated with declines in malaria burden (2). Some formerly high and medium 
endemic countries have reduced malaria prevalence to low levels (1% or lower 
community parasite prevalence for Plasmodium falciparum) (3, 4). 
Unfortunately, these gains may be folowed by resurgence of malaria in 
regions with high transmission potential if control eforts are not sustained (4-10). 
A recent review identified 75 resurgence events in 61 countries since the 1930s 
and 91% of these were atributed at least in part to the weakening of malaria 
control programs, such as complacency folowing successful malaria control (11). 
Despite renewed funding and a global efort to eliminate malaria in some 
countries, recent increases in malaria incidence in countries such as Rwanda 
and Zambia have generated concern that control eforts may not be sustainable 
(11, 12). Ensuring the continued use of LLINs as a major component of vector 
control in low transmission setings is necessary to achieve and sustain malaria 
control and elimination.  
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LLINs are one of the most cost-efective, widely distributed interventions to 
prevent malaria. The WHO strongly recommends behavior change interventions 
including information, education, communication (IEC) campaigns and post-
distribution “hang-up campaigns” to ensure continued, proper use of LLINs (13). 
Between 2008 and 2010, 254 milion nets were delivered throughout sub-
Saharan Africa, suficient to cover 66% of the 765 milion persons at risk (14). 
The number of nets distributed in 2010 decreased but the 3-year total of nets 
available in 2014 (distributed 2011-2013) is estimated to be more than 400 
milion (15). A Cochrane review of 22 randomized trials confirmed the eficacy of 
bed nets in preventing malaria in children and communities (16-19). As 
transmission fals, it is crucial to maintain high coverage of vector control 
measures such as LLINs and promote their continued use (20). This entails a 
beter understanding of LLIN user preferences, use paterns, alternative uses for 
LLINs, and factors influencing LLIN use (21-23), particularly in regions with 
declining transmission.  
Litle data exist on the sustained use of ITNs, including LLINs, in regions 
of declining malaria transmission. Understanding trends in ITN use over time in 
these setings and identifying factors associated with their continued use are 
critical to achieving and sustaining malaria elimination. This study assessed ITN 
use over a six-year period in a region of declining malaria transmission in 
southern Zambia.  
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Methods 
Study site and population 
 The study was conducted in the catchment area of Macha Hospital in 
Choma District, Southern Province, Zambia between February 2008 and 
December 2013. The single rainy season lasts from December through April, 
folowed by a cool dry season from April until August and a hot dry season 
through November. Malaria transmission peaks during the rainy season (24). The 
hospital catchment area is populated by vilagers living in smal, scatered 
homesteads. The prevalence of malaria has declined in this area since 2004. 
ACTs were introduced as first-line anti-malarial therapy in Zambia in 2002 (25) 
and into the study area in 2004. ITNs were widely distributed in the study area in 
2007 (26) and more recently, 11,543 ITNs were distributed from nine health 
posts around the Macha Hospital in June 2012 (Phil Thuma, personal 
communication).  
The development of the sampling frame and enumeration of households 
were reported elsewhere (26). Briefly, satelite images were used to construct a 
sampling frame from which households were selected by simple random 
sampling for enrolment into prospective longitudinal and cross-sectional surveys 
of malaria. Cross-sectional households were visited once and longitudinal 
households were visited every other month and replaced if residents declined 
further participation. Coordinates of households were recorded using GPS, and 
Euclidean distance to the nearest health facility was calculated using ArcGIS 
v9.2. Households enroled in the longitudinal cohort were repeatedly surveyed 
every other month, while households enroled in the cross-sectional cohort were 
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surveyed once. Households could enter or exit the longitudinal cohort at any 
time; the number of folow up visits ranged from 2 to 35 visits. After comparing 
ITN use at longitudinal folow-up visits with ITN use at cross-sectional and the 
first longitudinal household visit, the analyses were restricted to households 
enroled in the longitudinal cohort that reported owning at least one ITN. 
The study was approved by the University of Zambia Research Ethics 
Commitee, the Institutional Review Board of the Tropical Diseases Research 
Centre and the Institutional Review Board of the Johns Hopkins Bloomberg 
School of Public Health. Informed consent was translated into local languages 
and obtained from adult participants and the parents or guardians of children.  
Sample survey data 
During each study visit, a questionnaire was administered to consenting 
participants over 16 years of age and to the guardians of participants younger 
than 16 years of age. Data colected included demographic information, history of 
recent malaria and antimalarial treatment, reported health seeking behavior, 
knowledge of malaria transmission and prevention, and ownership, care and use 
of ITNs the night prior to the visit. A blood sample was colected by finger prick 
for malaria rapid diagnostic test (RDT) (ICT Diagnostics, Cape Town, South 
Africa). Participants who were RDT positive were ofered treatment with 
artemether-lumefantrine (Coartem®). In a subset of households visited during 
2012 and 2013, overnight mosquito colections were conducted using Centers for 
Disease Control and Prevention (CDC) light traps and both anopheline and 
culicine mosquitoes were enumerated.  
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Statistical analysis 
Reported ITN use was compared between first visits (cross-sectional 
households and first visit to longitudinal households) and folow-up visits 
(longitudinal households only). ITN ownership and use over time were analyzed 
by month and season. Among longitudinal participants who reported owning an 
ITN, demographic and household level variables were compared between those 
who reported sleeping under an ITN and those who reported not sleeping under 
an ITN using the chi square test for proportions and the t-test for diferences in 
means. A multi-level longitudinal model was constructed to assess factors 
associated with ITN use adjusting for individual and household clusters via 
random intercepts. Variables associated with ITN use in univariate models were 
included in the multi-level longitudinal model using a p-value cut of of 0.1. Study 
time was modeled as a quadratic function of time and the main efect of season 
was included using an indicator variable (rainy season vs. dry season). Model fit 
was assessed using the ROC Area C-Statistic. An LLIN distribution occured in 
Southern Province in June 2012, therefore a binary variable was constructed to 
examine ITN ownership and use before and after June 2012. Qualitative 
questions regarding ITN ownership and use were tabulated. A multi-level logistic 
regression model was used to investigate the association between total 
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Results 
Temporal trends and descriptive factors associated with ITN use 
 A total of 585 cross-sectional and 70 longitudinal households were 
enroled between February 2008 and December 2013. The parasite prevalence 
as measured by RDT was 8.4% in 2008 but subsequently declined to 2.1% in 
2013 (Table 5.1). The proportion of participants in the cross-sectional and first 
longitudinal surveys who reported owning an ITN was 77% in 2008, 64% in 2009, 
54% in 2010, 52% in 2011, 52% in 2012 and 83% in 2013 (Figure 15.). Of the 
participants who reported owning an ITN, the proportion who reported using an 
ITN the night before was 56% in 2008, 58% in 2009, 49% in 2010, 56% in 2011, 
51% in 2012, and 73% in 2013 (Figure 5.1).  
 The longitudinal surveys included 399 individuals residing in 66 
households that reported owning an ITN, and folowed for an average of 6 visits 
(minimum of two and maximum of 36 visits) for a total of 3,689 observations. ITN 
ownership was consistently higher during folow-up visits of the longitudinal 
households (58% use at cross-sectional and first visits as compared with 77% 
during folow up) (unadjusted p-value=0.01). The proportion of ITN use reported 
each year was higher at folow-up visits compared with initial visits for each year 
of the study, except for 2013 (Figure 5.1). ITN ownership and use folowed a 
seasonal trend, with a slight but statisticaly significant higher use during the rainy 
season from November to April (72%) compared to the dry season (65.7%; 
p<0.0001) (Figure 5.2). Both ITN ownership and use were significantly higher 
after ITN distribution in June 2012 for first visits (58% ownership and 52% use 
pre-distribution compared with 75% ownership and 70% use post distribution) 
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and longitudinal folow-up visits (80% ownership and 78% use pre-distribution 
compared with 86% ownership and 71% use post distribution) (Table 5.2). 
 Individual and household level characteristics were compared in univariate 
analyses between those who reported using an ITN and those who did not 
among participants in the longitudinal surveys. Among households that own an 
ITN, 40% of ITN users were over 18 years of age, 37% were between 5 and 17 
years of age, and 23% were under the age of 4 years. In univariate analyses, ITN 
users were more likely to be over the age of 18 years as compared with younger 
than 5 years (40% vs. 23%). ITN users were more likely to report using their ITN 
during the rainy season (86% vs. 73%), report more than three ITNs owned by 
the household (36% vs. 0%) and live closer to a health facility (median distance 
of 7.1 meters vs. 13.8 meters) (Table 5.3).  
Factors associated with ITN use 
 In a multi-level longitudinal model that adjusted for individual and 
household level clustering, several individual and household level factors were 
associated with ITN use among residents of longitudinal households that own at 
least one ITN. Compared to adults older than 18 years, children younger than 
five years of age were 35% less likely to sleep under an ITN (p<0.0001) and 
children and adolescents 5 to 17 years of age were 55% less likely to sleep 
under an ITN (p<0.01) (Table 5.4). Participants who reported learning about 
malaria from a CHW were 50% more likely to use their ITN compared to those 
who learned from a diferent source such as radio or at school (<0.01) (Table 
5.4). Residents of households with more than three ITNs were twice as likely to 
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use an ITN than residents of households with fewer than 3 ITNs (p<0.01). 
Individuals had 80% higher odds of using an ITN during the rainy season than 
the dry season (p<0.0001). Although ITN use was significantly higher after the 
2012 ITN distribution, this association was not significant after controling for 
distance to the nearest facility. Since the household level random intercept 
variance estimate was larger than the individual level random intercept variance 
estimate, greater diferences between households were observed than the 
variation between individuals within a household. ITN use increased slightly over 
time (about 9% per 6 months) despite the low parasite prevalence (Table 5.4). 
The model was considered a strong fit for the data (ROC Area C-statistic of 
0.82). 
Mosquitoes and ITN use 
The association between ITN use and the total number of mosquitoes 
(anophelines and culicines) captured in the household was measured in al 
cross-sectional and longitudinal households visited during 2012 and 2013. A total 
of 9,265 mosquitoes were captured; 2,728 anophelines and 6,537 culicines 
(Table 5.5). Controling for season and whether the visit was a folow-up or 
baseline visit, the odds of using an ITN increased with increasing number of total 
mosquitoes caught. As compared to households with no mosquitoes, the odds of 
ITN use increased 19% where 1 to 4 mosquitoes were captured (OR=1.2; [0.8, 
1.9]), and more than doubled in households with five or more mosquitoes 
(OR=2.1 [1.1, 3.9]) (Table 5.6). 
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Qualitative survey and ITN use 
Qualitative questions were tabulated for the cross-sectional and first visit 
to each longitudinal house. Almost half of participants who did not own an ITN 
reported they were too expensive (42%) despite the history of free ITN 
distribution in the community (Table 5.7). Of the 1,654 participants who owned an 
ITN, 250 (16%) did not use an ITN because there were no mosquitoes, 76 (4%) 
reported ITNs did not protect against mosquitoes, 139 (7%) reported they were 
unable to hang the net over their sleeping space and 100 (5%) reported their net 
was too old to use (Table 5.7). 
 
Discussion 
Overal, ITN use in the study area was high over the six-year study period, 
during which the prevalence of malaria fel to 2%. While Malaria Indicator 
Surveys measure malaria prevalence and ITN ownership and use with cross-
sectional surveys, this study was able to identify individual and household level 
factors influencing ITN use over time and included data on the number of 
mosquitoes within study households. Maintaining high ITN use is a key driver for 
keeping malaria prevalence low and reducing risk of resurgence; however, this 
wil not be possible unless high ownership is maintained through frequent ITN 
distributions (27). Understanding factors that influence ITN use in low 
transmission setings is crucial but these areas tend to not be a priority since 
disease burden is low (28). 
	   116	  
 Several individual and household level variables were associated with 
sustained ITN use in this region of declining malaria transmission in southern 
Zambia. Individuals reporting that they learned about malaria from a CHW were 
more likely to use their ITN. Being enroled in our longitudinal cohort appears to 
have also contributed to increased ITN use, likely because frequent visits from 
the field team increased awareness and education about malaria, and served as 
a reminder to use personal protective measures. Households that reported 
owning three or more nets also reported they were more likely to sleep under an 
ITN. Additionaly, a substantial increase in both ITN ownership and use was 
recorded after a mass ITN distribution campaign in the province that included 
household visits and assistance hanging the nets. Distance to the nearest health 
facility was also strongly associated with ITN use, suggesting that distributions 
may reach nearby households but not achieve universal coverage (15, 29, 30). 
Many distribution campaigns originate at healthcare facilities, suggesting 
households closer to clinics or hospitals may potentialy have higher ITN 
ownership and use (15). While ITN use increased despite declining malaria 
transmission, our findings suggest that without continued ITN distributions and 
educational campaigns, ITN use may decrease over time. 
Children and adolescents 5-17 years old were the least likely to sleep 
under an ITN. Similarly, in Kenya, children aged 5 to 14 years reported 
significantly lower ITN usage (31). School-based ITN distributions and 
educational campaigns may help target this high-risk age bracket; traditionaly 
targets of interventions are children under 5 years and pregnant women, often 
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excluding older children. A second factor associated with lower ITN use was 
season. In response to qualitative questions, participants reported that deterents 
to ITN use were that it was too hot or there were few mosquitoes during the dry 
season. Recent studies in Kenya and Tanzania also identified strong seasonality 
to ITN use (31-33). 
ITN use also was associated with the number of mosquitoes colected in 
the household. Previous studies also found the presence of culicine mosquitoes 
to be associated with ITN use (20, 33, 34). Potentialy, promoting the protection 
ITNs aford against nuisance mosquitoes in public health messages to the 
community may increase ITN use. A recent study in Zanzibar concluded that 
future behavior change communications should expand curent messages of the 
potential benefits of net use other than protection against malaria (35). 
Quantitative and qualitative studies suggest a range of factors associated 
with sleeping under an LLIN; however, these studies were mainly conducted in 
areas where the malaria burden was high (32, 33, 36-40). In low transmission 
regions in Uganda, Swaziland and Zambia, reasons for not using an LLIN 
included the low density of mosquitoes and the infrequency of malaria (41-43). In 
contrast, a recent qualitative study in Zanzibar, where malaria prevalence 
decreased from 50% to less than 2% in 15 years, found that caretakers strongly 
believed in the protection aforded by LLINs despite the reduction of malaria risk 
(7, 20, 44). Although malaria was no longer considered a common disease, 
caretakers associated high mosquito density with increased risk of malaria (20). 
Other factors associated with bed net use in Zanzibar were instructions from 
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healthcare workers or hearing about malaria in the media (20). Atrition in LLIN 
ownership and use also is associated with the aging and breakdown of nets. 
Nets wil be discarded or used for other activities more commonly in areas where 
perceived risk is low (10, 22). These findings suggest that if malaria transmission 
is reduced, personal protective measures such as ITNs may no longer be used.  
There were some limitations to these data, mainly, that ITN use was self-
reported. Measuring actual use of ITNs is dificult as they must not only be 
properly hung, have few or no holes, and be treated with insecticide, but they 
must also be used consistently during hours that mosquitoes are biting. We were 
unable to account for the physical integrity of the nets; even though ownership 
and use were high, ITNs may not have adequately provided protection.  A recent 
study in the area identified significant degradation of ITNs (45). Because few 
cases of malaria were identified in this cohort, ITN efectiveness at reducing 
parasitemia could not be measured. 
As transmission declines, the goal of malaria elimination may be pursued. 
Threats to the efectiveness of ITNs for malaria elimination include insecticide 
resistance, damage to the ITNs, and inconsistent funding. Field studies have 
concluded that the lifespan of an ITN is shorter than expected and many areas 
report high atrition rates (22, 45-47). Participants reported they stopped using 
their ITNs as they became old, had holes or were dirty, as supported by other 
study findings (22). While distribution campaigns are considered both efective 
and cost-efective (15, 48), these activities must occur often enough to avoid 
gaps in ITN coverage and use. Additional cost-efectiveness studies are 
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necessary in low transmission setings(49). A sensitivity analysis found that if 
transmission decreased from an incidence of 1,209 per 1,000 to 237 per 1,000 
was associated with an increase in net cost/savings per malaria case averted 
from 3.26 USD to 21.29 USD (48). With constrained resources and funding, other 
methods of targeting ITN distributions may become necessary as transmission 
declines. Targeting education campaigns and distributions to 5-17 year olds and 
promoting ITN use during the low transmission season may lead to increased, 
year round use by the community.  
These study findings support others in the literature that concluded free 
universal distribution, ongoing education and hang up campaigns are successful 
in increasing ITN use, at least within the 6 months folowing the distribution (32). 
As transmission in this area continues to decline, ensuring the continued use of 
LLINs wil be necessary.  Future research should more thoroughly examine the 
efective lifespan of LLINs, and if funding is reduced as transmission declines, 
then research regarding the efectiveness and costs of focalized LLIN 
distributions and targeting of high-risk groups should be explored.  
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Table 5.1 
RDT positivity in cross-sectional and longitudinal households at baseline visit, 
2008-2013 
Visit Year Total 
 RDT+ Observations Percent 
2008 32 380 8.4% 
2009 11 703 2% 
2010 2 899 0.2% 
2011 3 775 0.4% 
2012 1 396 0.13% 
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Table 5.2 
Number and percentage of participants reporting ITN ownership and use before 







Baseline visits, only* 
Own ITN 1794 (58%) 853 (75%) 
Use ITN 974 (52%) 680 (70%) 
Folow-up visits to longitudinal households, only 
Own ITN 3157 (80%) 593 (86%) 
Use ITN 2442 (77.6%) 373 (71%) 
 
*Baseline visits include cross-sectional visits and first visit to longitudinal 













	   122	  
Table 5.3 
Individual and household level factors of reported ITN use among longitudinal 
households that own an ITN at baseline visit, 2008-2013 
Individual level variables 
  Don’t use ITN Use ITN 
Unadjusted  
P Value 
Number of individuals  113 275  
Age Category     
   0 to 4 years  24 (21%) 64 (23%) 0.25 
   5 to 17 years  52 (46%) 102 (37%)  
   ≥18 years  37 (33%) 109 (40%)  
Male  51 (45%) 137 (50%) 0.4 
RDT positive  4 (2%) 5 (1%) 0.66 
Peak season  82 (73%) 237 (86%) 0.001 
Learned about malaria from 
CHW  47 (42%) 111 (40%) 0.82 
Household level variables 
  
No ITN users in 
household 
Any ITN users 
in household  
Number of households  18 48  
Number of children under 5 in the household 0.02 
      0  
2 (11%) 20 (42%) 
 
      1 or more  
16 (89%) 28 (58%) 
 
Household Education 0.03 
    Primary  4 (22%) 26 (54%)  
    Secondary or higher  14 (78%) 22 (45%)  
Own more than 3 ITNs   0 (0%) 17 (36%) 0.003 
Distance to clinic per 500 
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Table 5.4 
Multi-level model of individual and household level factors associated with 
reported ITN use over time, 2008-2013 
Factors 
Odds Ratio* 
(95% Confidence Interval) 
Fixed Efects:  
Household Level 
Distance to nearest facility (per 500 m) 0.93 (0.88, 0.98) 
Own more than 3 ITNs 2.1 (1.4, 3.1) 
Post 2012 ITN distribution 1.7 (0.94, 3.2) 
Rainy season 1.8 (1.5, 2.2) 
Number of children under 5 in the household 1.0 (0.89, 1.2) 
Individual Level 
Gender 0.98 (0.78, 1.2) 
Age Category  
Over 18 years REF 
0 to 4 years 0.66 (0.48, 0.90) 
5 to 17 years 0.45 (0.35, 0.58) 
Learned about malaria from a CHW 1.5 (1.2, 2.0) 
Random Efects: Variance (SE+) 
Household random efect 1.2 (0.17) 
Individual random efect 0.35 (0.11) 
 
+ SE: standard eror 
* The model results are adjusted for a quadratic function of time to account for 
variation in the odds of ITN use during folow-up at the individual level. The 
estimated time efects are: time (per 6 months): 1.1 (1.1, 1.2), time2 (per 6 
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Table 5.5 
Number and distribution of mosquitoes caught in cross-sectional and longitudinal 












Anophelines 2,728 0 0 2 180 
Culicines 6,537 0 1 4 463 
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Table 5.6  
GEE model of the association between total number of mosquitoes and ITN use 
in a subset of surveyed households between 2012 and 2013 
Fixed Efects: OR 95% CI P Value 
0 mosquitoes REF   
1 to 4 mosquitoes 1.19 (0.75, 1.89) 0.46 
5+ mosquitoes 2.11 (1.14, 3.93) 0.02 
Rainy season 0.83 (0.56, 1.24) 0.36 
Folow up visit vs baseline 
visit 2.76 (1.57, 4.85) 0.001 
Random Efects: Estimate (SE)   
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Table 5.7 
Qualitative responses for reasons not owning or using an ITN at baseline visit 
(includes among cross-sectional households) in Macha, 2008-2013 
What is the reason you do not OWN a bednet in your house? 
N 2,647 
It is too expensive 1073 (42.1%) 
No mosquitoes around 58 (2.3%) 
Bednets not available 52 (2%) 
Change my sleeping space too often 30 (1.2%) 
Not enough nets for everyone in the house 
in the house 28 (1.1%) 
Don’t know where to buy one 27 (1.1%) 
It does not protect against 
mosquitoes/insects 23 (0.9%) 
It is too hot under the net 10 (0.39%) 
What is the reason you do not USE a bednet? 
N 1,654 
No mosquitoes around  250 (16.2%) 
Cannot hang it over my sleeping space 139 (6.5%) 
The net I have is too old 100 (4.6%) 
Doesn’t protect against mosquitoes/insects 76 (3.5%) 
Chang my sleeping space too often 53 (2.5%) 
There is not enough space under the net/I 
feel closed in 26 (1.2%) 
It is not the rainy/malaria season 24 (1.1%) 
The net is itchy 17 (0.8%) 
It's too hot under the net 13 (1%) 
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Figure 5.1 
Reported ITN use at cross-sectional and the first visit to longitudinal households, 
compared to reported use during folow-up visits to longitudinal households: 2008 
to 2013. 
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Figure 5.2 
Reported bednet ownership and use among longitudinal households per month from 
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Figure 5.3 
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Abstract 
Background: As malaria transmission declines and elimination is pursued, 
identifying and treating the remaining few infected individuals wil be critical. 
Passive or reactive case detection with rapid diagnostic tests (RDTs) may not 
identify individuals with sub-patent or asymptomatic infection who serve as 
persistent reservoirs. Reactive case detection with focal mass drug 
administration may be a strategy to eliminate parasite reservoirs in low 
transmission setings. 
Methods: Household malaria surveys were conducted within Southern Province, 
Zambia between 2009 and 2012. During study visits, questionnaires were 
administered to adults and caretakers of children and a blood sample was 
colected to detect Plasmodium falciparum by RDT and polymerase chain 
reaction (PCR). Al household structures within the study area were enumerated 
using satelite imagery. Simulations were performed to extrapolate data from 
surveyed to simulated households. Residents classified as RDT-positive, that 
reported seeking care at health facilities, experienced symptoms of malaria, or 
reported taking antimalarials were considered index cases detected through 
passive surveilance. Radi of increasing size around each index household were 
examined to determine the proportion of households with an infected individual 
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detected through reactive case detection and targeted through test-and-treat or 
focal drug administration. 
Results: The parasite prevalence in surveyed households at baseline visits 
declined from 2% in 2009 to 0.1% in 2012. Based on simulated data, a cross-K 
function identified spatial clustering of missed RDT-positive and PCR-positive, 
RDT-negative residents in households around index houses. RACD testing and 
treating residents of neighboring households within 500 meters using RDT would 
have identified only 56% of al households with an RDT-positive resident. 
Furthermore, only 54% of the PCR-positive, RDT-negative individuals would be 
identified within 500 meters of the index case household and these individuals 
would be missed using RDT. Although logisticaly dificult, screening within 1,000 
meters of the index case household using RDT would have identified 84% of al 
households with an RDT-positive resident but stil would fail to identify 81% of al 
households with a PCR-positive, RDT-negative resident. 
Discussion: Reactive case detection wil identify asymptomatic individuals that do 
not seek care, but wil not be suficient to eliminate malaria. Sub-patent infections 
undetectable by RDT wil be missed, and PCR is too expensive for routine 
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Background 
A renewed cal for global malaria eradication has been supported by the Bil 
and Melinda Gates Foundation, World Health Organization (WHO), and, more 
recently, the Rol Back Malaria (RBM) Partnership (1). Targets were set to 
reduce the burden of malaria by 75% by 2015 and eliminate malaria in 8-10 
countries by 2015 (2). Scale-up of prevention and control measures, such as 
distribution of long-lasting insecticide treated nets (LLINs), indoor residual 
spraying (IRS), prompt treatment of confirmed cases with rapid diagnostic tests 
(RDT) and artemisinin combination therapies (ACT), and intermitent preventive 
therapy (IPT) among pregnant women and infants, have proven efective (3).  
Declines in malaria cases and malaria-related deaths by up to 50% have been 
measured in 11 countries, including Zambia (4, 5). 
Case detection and treatment are critical for malaria control but as elimination 
is pursued a broader definition of malaria infection wil need to include 
asymptomatic and sub-patent infections. These remaining infections are part of 
the human parasite reservoir but pose diagnostic chalenges (6). Passive case 
detection involves identification of symptomatic persons seeking care at health 
facilities and testing via RDT or microscopy (7). Passive case detection requires 
the least resources but fails to identify sub-patent infections, asymptomatic 
infections or infections in persons who do not seek medical care at health 
facilities. The proportion of al infected individuals who are asymptomatic or have 
sub-patent infection is often substantialy higher than symptomatic infections, 
suggesting a majority of infected individuals wil be missed with passive case 
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detection alone (7-10). Thus, several active case detection strategies have been 
developed to target these remaining infections.  
 Reactive case detection (RACD) is an active surveilance strategy based 
on the observation that malaria cases are spatialy and temporaly clustered as 
transmission declines and the assumption that passively detected index cases 
represent foci of infection (7, 11). With RACD, al persons within a defined radius 
of the index case are screened using RDTs and treated with ACTs. In a study of 
RACD in southern Zambia, the prevalence of malaria was 8% within index 
households compared to 0.7% in a random sample of control households (12). 
However, RACD relies on RDTs to guide treatment, and in low transmission 
setings, they may not reliably detect al infections. A recent study in southern 
Zambia found that the sensitivity of the P. falciparum histidine-rich protein 2 
(Pfhrp2)-based RDT compared to nested PCR was only 17%, missing sub-patent 
infections (10). More sensitive diagnostics that can be used in the field are 
necessary, as curently available PCR technologies are not feasible for field use. 
If RACD is not able to identify al remaining infections, another strategy such as 
focal mass drug administration (MDA) may be considered. Focal MDA does not 
rely on a diagnostic but treats al individuals within a targeted area. 
Litle data exist on the appropriate radius from an index household that 
should be screened with RACD or targeted with a focal MDA. Using a series of 
cross-sectional household surveys and model simulations in a low transmission 
seting in southern Zambia, the eficiency of these two diferent strategies was 
quantified. Specificaly, the radius around an index house necessary to achieve 
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diferent levels of treatment coverage was estimated. RACD with test-and-treat, 
in which only RDT positive individuals receive treatment, was compared to focal 
MDA, in which al individuals within a defined radius are presumptively treated. 
Methods 
Study Site and Procedures 
The study was conducted in a low transmission seting within the 
catchment area of Macha Hospital in Choma District, Southern Province, Zambia 
between January 2009 and December 2012. Macha Hospital is approximately 
70-kilometers from the town of Choma, and lies on a plateau 1,100-meters above 
sea level (7). The single rainy season lasts from December through April when 
malaria transmission peaks, folowed by a cool dry season from April until 
August, and a hot dry season through November. The primary malaria vector is 
Anopheles arabiensis (13). The prevalence of malaria in this region has declined 
substantialy over the past decade (14). The study was approved by the 
University of Zambia Research Ethics Commitee and the Institutional Review 
Board at the Johns Hopkins Bloomberg School of Public Health. 
The development of the sampling frame and enumeration of households 
have been reported elsewhere (15). Briefly, al household structures were 
enumerated based on satelite images and used to construct a sampling frame. 
Households were selected by simple random sampling for enrolment into 
prospective longitudinal (visited every other month) or cross-sectional (visited 
once) surveys of malaria parasitemia. This analysis was restricted to households 
enroled in the cross-sectional surveys and the first visit to longitudinal 
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households because of the reduction in malaria risk folowing repeated study 
visits (16). Households surveyed between January 2009 and December 2012 
were included in this analysis. 
Al individuals residing in selected households were eligible to participate. 
Informed consent was obtained from adult participants and from caregivers of 
children. A questionnaire was administered to colect demographic information, 
curent signs and symptoms of malaria, history of recent malaria and antimalarial 
treatment, reported health seeking behavior, knowledge of malaria transmission 
and prevention, and use of personal protective measures. A blood sample was 
colected by finger prick for malaria RDT, preparation of thin and thick blood 
smear slides for microscopy, and preparation of a dried blood spot (DBS). The 
RDT (ICT Diagnostics, Cape Town, South Africa) detected Pfhrp2 and was 
shown to detect 82% of test samples with wild-type P. falciparum at a 
concentration of 200 parasites/µL (17). Participants who were RDT positive were 
ofered treatment with artemether-lumefantrine (Coartem®). The DBS were 
colected on filter paper (Whatman, Protein Saver card 903, Piscateway, New 
Jersey), dried overnight and stored individualy with desiccant in a sealed plastic 
bag at -20°C.  
PCR Methods 
A Chelex© extraction method was used to recover parasite DNA from the 
DBS (18) [15]. Positive and negative control samples spoted as dried blood on 
filter paper were included in each extraction experiment. Positive controls 
consisted of parasitized blood from laboratory cultures at 1,000 parasites/µL. 
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Negative controls consisted of blood from individuals with no travel history to 
malaria endemic areas. Extracted DNA was stored at -20ºC until PCR was 
conducted. 
A Plasmodium nested PCR assay was used to detect asexual stage 
parasite DNA using two sets of primers targeting a segment of the mitochondrial 
cytochrome b gene (cytb) conserved in al four human Plasmodium parasites 
(19). No-template controls were included in each experiment and reactions were 
run in a Techne™ TC-412 thermo cycler. Amplified product was detected by 
electrophoresis on 1% agarose gel and viewed under UV light as an 815 base 
pair DNA band. 
Spatial Risk Map 
A spatial risk map was developed previously using survey data colected 
in 2007 and 2008 (15). Logistic regression was used to identify environmental 
features associated with the odds of a household having an RDT positive 
resident. Each enumerated household was assigned a malaria risk according to 
its location on the spatial risk map ranging from 0.07 to 0.797 refered to as the 
ecological risk and included in the simulation model. 
Population Level Simulation  
 Simulations were performed using multiple imputation based on predictive 
models to extrapolate from surveyed to simulated households. The steps used in 
the simulation were described previously (7). Briefly, a household level dataset 
with covariates of interest was compiled for the development of predictive 
models. Dichotomous covariates of interest were predicted using logistic 
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regression and continuous covariates of interest were predicted using linear 
regression. Each of the folowing variables was predicted at the household level, 
extrapolating from surveyed to simulated households: RDT status (at least one 
RDT positive resident), PCR status (at least one PCR positive resident), 
antimalarial treatment status, at least one symptomatic household resident, at 
least one care seeking resident, at least one symptomatic and care seeking RDT 
positive resident, and residents treated for malaria who sought care. For the 
predictive models, geographic coordinates, ecological risk based on the spatial 
risk model, mean age of the household residents and number of household 
residents were used as initial predictive covariates. 
 Logistic regression models were evaluated using the Hosmer-Lemeshow 
goodness-of-fit test and the area under the receiver-operating curve (AUC). 
Linear regression models were evaluated using the R2. The p-values for the 
Hosmer-Lemeshow goodness-of-fit test and the AUC measurements for 
dichotomous variables were greater than 0.05. The R2 values for continuous 
models were greater than 0.05. The models were validated using a random 
selection of 100 households to ensure model fit. 
 The simulation was performed using multiple imputation chained 
equations (MICE) method in STATA version 12.1 (StataCorps, Colege Station, 
TX), also refered to as fuly conditional specification or sequential regression 
multivariate imputation (20, 21). Surveyed household values were observed while 
simulated households had ful data only for geographic coordinates and 
ecological risk of malaria. The MICE model imputes values for non-surveyed 
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households and enables incorporation of multiple predictive covariates to 
simulate the population, alowing use of outcome values imputed for a household 
to be used in the prediction of outcomes imputed in each subsequent chain. The 
simulated data were assessed to ensure these data did not difer significantly 
from observed data. 
Classification of Households 
 Households were classified as having a member passively detected (index 
cases) if they had an RDT positive resident who reported having symptoms and 
displayed care seeking behavior. Care-seeking behavior was determined if the 
individual reported visiting a health post or clinic for their most recent febrile 
ilness or reported receiving antimalarial medication from a health facility at the 
time of the survey. Malaria specific symptoms consisted of having a fever with 
either headache or chils in the prior two weeks.  
 Households were classified as having infected residents not detected by 
passive surveilance if they had one or more RDT-positive residents who would 
not have sought care or had one or more RDT-negative PCR-positive residents. 
Individuals were classified as detected through RACD if they were RDT-positive 
but asymptomatic or minimaly symptomatic, did not display care seeking 
behavior, or both. Individuals were classified as treated through MDA alone if 
they had a sub-patent infection that was RDT-negative but PCR-positive. 
Spatial Analysis of Population Level Simulated Data 
 Positive households were mapped using ArcGIS version 10.2 (ESRI, 
Redlands, California). Households identified by passive case detection, RACD, 
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and focal MDA were added as data layers geo-referenced to Universal 
Transverse Mercator (UTM) Southern Hemisphere, Zone 35, WGS1984 
coordinate system. Distance-based bufers were created surounding index 
households (identified via passive case detection) representing varying distances 
surounding identified households that would be screened for malaria. Bufers 
from 140 to 3,000 meters were evaluated to determine the bufer size needed to 
identify maximum proportions of households with individuals who would be 
missed by RACD: RDT positive, asymptomatic and non care seeking individuals 
missed by RACD, and RDT negative PCR positive individuals only treated by 
focal MDA. A radius of 140-meters is curently being used by programs in parts 
of Southern Province (Personal communication, Anna Winters). The bufers were 
dissolved to ensure that a household could only be counted once in the event 
that a missed household was located within the bufer of more than one index 
household. Each bufer layer was spatialy joined to the households missed by 
RACD and only treated by focal MDA. The sum of al missed households within 
each bufer layer, the proportion of households identified by RACD, and the 
proportion of households missed unless targeted for MDA were calculated. The 
sum of al negative households also was calculated for each bufer. 
 
Results 
A total of 6,210 households were enumerated based on high-resolution 
satelite imagery of the Macha Hospital catchment area. Of those, 531 
households were surveyed between 2009 and 2012 and the remaining 5,679 
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households were simulated (Figure 1). Of the surveyed households, the mean 
household size was 5.7 individuals (standard deviation=3.6). The proportion of 
surveyed households with an individual who reported seeking care for a recent 
febrile ilness was 0.80 and the proportion of surveyed households with an 
individual taking antimalarials was 0.09. The proportion of surveyed households 
with an individual experiencing malaria-like symptoms and seeking care was 
0.06. The proportion of surveyed households identified as having an RDT-
positive individual was 0.03, and the proportion having a PCR-positive but RDT-
negative individual was 0.11 (Table 1), reflecting the greater sensitivity of PCR 
compared with RDT.  
Characteristics of simulated households from the model resembled 
surveyed households. There were no statisticaly significant diferences between 
surveyed and simulated households; however, the proportion of households with 
an individual seeking care for malaria was slightly lower in the simulated 
households as compared with the surveyed households (0.80 vs. 0.77, p=0.1) 
(Table 1). The spatial intensity and spatial clustering of surveyed and simulated 
households were not statisticaly diferent as assessed by K function and spatial 
intensity ratios, i.e. the model maintained the spatial patern of sampled 
households (not shown). 
 Three cross-K functions identified significant spatial clustering of missed 
households with RDT-positive residents, missed households with PCR-positive 
RDT-negative residents, and al missed households around index case 
households (Appendix 1, Appendix 2, Figure 2). A diference in K function 
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showed that missed households with RDT-positive residents were significantly 
more clustered than households with PCR-positive RDT-negative residents 
(Appendix 3), implying greater efectiveness of a test-and-treat strategy using 
RDTs for RACD, in regions where transmission is high enough that most 
infections are detectable by RDT. The spatial intensity of missed households 
with RDT-positive residents and PCR-positive RDT-negative residents, and the 
diference between these spatial intensities, identified areas where there were 
significantly diferent intensities of these missed households (Appendix 3, 
Appendix 4). The region where the intensity of households with RDT-positive 
residents was stronger coresponded to higher risk areas determined by a 
previously constructed risk map; the mean risk value for missed households with 
RDT-positive residents was 0.50 as compared with the mean risk value for 
households without an RDT-positive resident was 0.32 (p<0.0001) (Figure 4). 
This finding suggests risk maps can be used to identify areas where RACD using 
a test-and-treat strategy may be more efective. 
 The proportion of al missed households with an RDT positive resident or 
PCR positive RDT negative resident increased from 15% and 11% at a 140 
meter radius to 100% and 99% at a 2000 meter radius (Figure 5). Within a 140-
meter radius, a total of 647 (11%) of non-index households were identified: 5 
(11%) of al missed households with an RDT-positive resident and 108 (15%) of 
al missed households with PCR-positive RDT-negative residents (Table 2, 
Figure 3).  Within a 300-meter radius, a total of 1,797 (31%) of non-index 
households were identified: 18 (40%) of missed households with an RDT-positive 
	   150	  
resident, and 236 (34%) of missed households with an RDT-negative PCR-
positive resident. Within a 500-meter radius, a total of 2,976 (52%) of non-index 
households were identified: 25 (56%) of al missed households with an RDT-
positive resident and 381 (54%) of al missed households with PCR-positive 
RDT-negative residents (Table 2, Figure 3). Within a 1,000-meter radius, a total 
of 4,640 (81%) of non-index households were identified: 38 (84%) of al missed 
households with an RDT-positive resident and 560 (80%) of al missed 
households with PCR-positive RDT-negative residents (Table 2, Figure 3). 
 
Discussion 
In areas where malaria transmission has been controled, additional 
strategies wil be necessary to treat remaining infections that are not identified by 
passive case detection. This study identified significant spatial clustering of 
missed individuals in households around index households identified through 
passive case detection. This spatial clustering suggests that surveilance 
methods such as RACD, in which passively detected index cases trigger the 
testing and treatment of residents in neighboring households, may identify a 
proportion of remaining infections. However, sub-patent infections, which also 
cluster around index households, would be missed if a positive RDT test were a 
prerequisite for treatment. To target these infections, focal MDA may be a more 
efective strategy to eliminate the parasite reservoir. 
This study identified two chalenges for active case detection in a low 
transmission seting pursuing malaria elimination: asymptomatic infections and 
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sub-patent infections. The proportion of asymptomatic cases is high in many 
formerly malaria endemic regions. The number of asymptomatic infections is 
often higher than symptomatic infections, and can be as high as 96%, suggesting 
a majority of these cases wil be missed with passive case detection alone (7-9). 
There are indications that asymptomatic individuals have higher gametocyte 
cariage (6). Many remaining infections are missed by passive surveilance since 
they are less likely to seek care. RACD is a form of active case detection that 
would identify and treat these asymptomatic cases as long as they are RDT 
positive and clustered around index case households. Asymptomatic cases were 
located in the higher risk areas as determined by a malaria risk map, suggesting 
ongoing transmission in this region. However, some proportion of these missed 
infections wil be sub-patent with low levels of parasitemia. 
Sub-patent or low parasitemia infections create diagnostic problems in low 
transmission setings. Sub-patent malaria infections are below a density than the 
threshold necessary for detection by microscopy or RDT (22). Of concern is that 
sub-patent, asymptomatic infections can stil transmit malaria and make up a 
large proportion of infections in low transmission setings (6, 22). Sub-patent 
infections in low transmission setings are estimated to result in 20-50% of al 
transmission episodes (23). Further research is necessary, but some findings 
suggest sub-patent infections are stil transmissible and may be an obstacle to 
malaria elimination (6, 24). RDTs lose their specificity in pre-elimination setings 
because they do not reliably detect low-density parasitemia (≤200 parasites/µL). 
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PCR is considered the gold standard and is capable of detecting low-level 
parasitemia (6, 24). However, it is too expensive for field use.  
If a beter diagnostic tool is not available, another option is to 
presumptively treat using forms of focal MDA. MDA is a method for the control 
and elimination of many parasitic infectious diseases, including schistosomiasis 
and lymphatic filariasis, in which treatment is given presumptively without prior 
screening (22, 25). Although a recent Cochrane Review found MDA to be 
efective at reducing transmission for up to 6 months (26), this method is not 
widely used for malaria. Some issues including the optimal drug combination to 
use, the number of rounds of MDA per year, and duration of MDA are yet to be 
determined (22). Securing adequate resources and funding to implement MDA, 
determining target high-risk areas and/or populations, population acceptability, 
and to monitor carefuly for adverse events and drug resistance wil also be 
critical (22). 
There were some limitations to this study. First, the models were based on 
several assumptions, mainly that the data represent one transmission season 
and complete coverage is achieved of al individuals in al households within the 
screening radi of identified households shortly after an index case is identified 
(7).  By assuming that the data represent one transmission season, seasonality 
or temporal trends are not captured by this analysis. In support of this 
assumption, malaria clusters are found to be quite stable over time, specificaly 
clusters of asymptomatic parasitemia (25). However, the eficiency of RACD 
would likely vary by season and over time, and the implementation of RACD itself 
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would impact transmission; future studies should assess the impact of seasonal 
malaria transmission on optimal RACD strategies. The assumption of ful 
coverage of al households and al household residents located within each 
screening radi represents a best-case scenario of eficiency of RACD and focal 
MDA (7). In practice, coverage would not be 100% due to logistics and 
feasibility; specificaly, the cost of the resources necessary to test and treat al 
residents of households surounding index households may be limiting. Lastly, 
assumptions were made in extrapolating from surveyed to simulated households; 
no diferences were detected between these two groups suggesting the model fit 
the data wel and the simulation was accurate. However the simulated data may 
not fuly account for heterogeneity between surveyed and simulated households 
(7). External validation methods should be explored for future simulation models. 
Another major limitation is that report of travel was not included in the analysis; a 
recent study in Senegal found during RACD that the primary risk factor for 
transmission was travel (27). 
RACD and focal MDA are two methods that may be considered to target 
remaining malaria infections missed by passive surveilance methods. The 
optimal radius for RACD is unclear, although programs in Southern Province are 
curently employing a 140-meter radius. Based on our findings, this radius would 
miss a substantial proportion of remaining infections. In Macha, for 80% of 
missed infections to be identified and treated, the radius would have to be 1,000 
meters. However, a recent study conducted in Swaziland found that 1,000 meter 
radius was not logisticaly feasible for RACD (28). The cost-efectiveness and 
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logistical feasibility wil decrease as transmission declines and the necessary 
screening radius becomes large. Since RDT positive missed cases were found 
to cluster, and were located in high geographic risk areas, further research could 
determine if there is a transmission level threshold below which RACD becomes 
less eficient. If sub-patent infections contribute to transmission, then RACD may 
not be efective, and focal MDA may be considered to treat these remaining 
infections. However, the 1,000-meter radius may not be feasible for focal MDA. 
Further research is also necessary to determine the eficacy, safety and 
feasibility of a focal MDA strategy to treat sub-patent infections.  
Identifying and treating malaria-infected individuals who do not seek care, 
experience symptoms or have low parasitemia are essential to achieving malaria 
elimination. RACD and focal MDA may be considered as a method to achieve 
this goal. However, further research is necessary to determine the optimal radius 
to implement and whether it is eficient or logisticaly feasible. Variations in the 
optimal radius by season should also be explored. This wil be critical in guiding 
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Table 6.1  





Households P Value 
Number of households 531 5,679  
Residents per household (mean,SD) 5.7 (3.6) 5.7 (3.6) 0.48 
Mean age (mean, SD) 24.8 (13.8) 24.5 (13.3) 0.3 
Households with an RDT positive 
individual (%) 0.03 0.03 0.68 
Households with a PCR positive 
individual (%) 0.11 0.12 0.38 
Households with an individual taking 
antimalarials (%) 0.09 0.08 0.21 
Households with an individual seeking 
care (%) 0.80 0.77 0.10 
Households with an individual with 
malaria-like symptoms (%) 0.63 0.63 0.87 
Households with an individual with 
malaria-like symptoms and seeking 
care (%) 0.53 0.53 0.47 
Households with an individual taking 
antimalarials with care seeking 
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Table 6.2 
Number and proportion of total households with non-index, RDT positive 
residents identified in reactive case detection, and households with RDT 



















































140 647 5 108 11% 11% 15% 
300 1797 18 236 31% 40% 34% 
500 2976 25 381 52% 56% 54% 
1000 4640 38 560 81% 84% 80% 
1500 5394 45 647 94% 100% 92% 
2000 5655 45 695 99% 100% 99% 
2500 5716 45 702 99% 100% 99% 
3000 5728 45 704 99% 100% 100% 
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Figure 6.1 
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Figure 6.2 
 






































































Average Number Missed Near Index household (RDT+ or PCR+)
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Figure 6.3 
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Figure 6.4 
 
Percentage of al missed households (RDT positive asymptomatics that did not 
seek care, sub-patent PCR positive/RDT negative) at increasing screening radi 
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Figure 6.5 
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Appendix 3 
 
Cross K function of households with missed RDT-positive residents within 



























































Average Number of missed RDT+ Near Index
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Appendix 4 
 
Cross K function of households with missed PCR-positive RDT-negative 
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Appendix 5 
 
Diference in K Function comparing spatial clustering of missed households with 
an RDT-positive resident to missed households with an RDT-negative PCR-









   
   
     
    




   












   
 
































RDT-positive to PCR-positive RDT-negative clustering
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Appendix 6 
 
Comparison of spatial intensity of missed households with an RDT-positive 
resident to missed households with an RDT-negative PCR-positive resident, and 
absolute diference of spatial intensities 
 
Spatial Intensity: 
PCR+/RDT- missed houses                  RDT+ missed houses 
 
Diference in spatial intensities: (PCR+/RDT- houses) – (RDT+ houses) 
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Chapter 7:  
Conclusions and Recommendations 
7.1 Summary of Major Findings 
The findings of this dissertation highlight critical factors and strategies for 
malaria control and elimination in two diferent transmission setings in Zambia. 
Historicaly, malaria transmission in Zambia was high and endemic, with varying 
levels of malaria control over the past 50 years.  Despite the widespread 
implementation of the malaria control interventions recommended by the WHO, 
malaria transmission remains high in some areas of Zambia. Advances in high-
resolution satelite and remote sensing technology alow for accurate spatial 
analyses that have many applications for understanding malaria transmission 
dynamics and guiding policy. 
In the high transmission seting, Nchelenge District, this dissertation aimed 
to identify risk factors for malaria infection and to use environmental data to 
generate and validate a predictive risk map for malaria. Paper 1 identified 
individual, household and environmental factors associated with malaria as 
determined by RDT positivity in a cross-sectional cohort of households in 
Nchelenge District between 2012-2014. The results highlight the importance of 
age in the distribution of malaria, the high proportion of asymptomatic cases, and 
the impact of a household’s geographic location and proximity to environmental 
features. Paper 1 identified 5 to 17 year olds as the highest risk age category of 
malaria infection as measured by RDT. Paper 1 also found that report of 
symptoms decreased with increasing age category, and this interaction was 
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statisticaly significant in the ful multi-level model. Lastly, the model identified 
environmental features that increase household risk of malaria. These 
environmental features are likely predictive of malaria vector breeding sites, thus 
proximity to these features increases risk of malaria transmission.  
Paper 2 expands upon the findings related to the proximity of households 
to environmental features in order to generate and validate a predictive seasonal 
risk map of malaria and a map of model uncertainty. There are many potential 
uses for predictive risk maps for malaria control and elimination; however, they 
are dificult to generate at appropriate spatial resolution and with representative 
case data. Maps that are generated are often not validated and are at coarse 
spatial resolution. Paper 2 ilustrates potential validation techniques, 
implementing both internal and external evaluation methods. It also highlights 
the importance of presenting uncertainty values and maps in addition to 
predictive risk maps to ensure appropriate use and interpretation. The results of 
paper 2 ilustrate the highly seasonal transmission paterns, and increased risk of 
transmission in proximity to category 1 streams, roads, category 3 streams (in 
the rainy season only), lower elevation, and in less population dense areas.  
Paper 1 and 2 explored similar data but with diferent aims and modeling 
objectives. Paper 1 takes a more inference focused approach, identifying and 
quantifying risk factors for RDT positivity in individuals within households in 
Nchelenge. Findings highlight important individual level characteristics such as 
age and household level characteristics such as proximity to environmental 
features, to characterize the distribution of malaria. The modeling objective in 
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Paper 2 is focused on prediction, predicting household malaria risk at unsampled 
locations and mapping this risk. Environmental and ecological variables were 
derived from satelite imagery and remotely sensed data to al points in the 
region, and these variables were considered for inclusion in the risk model for 
predicting and mapping malaria risk. An ecological prediction map for malaria risk 
from the model derived in paper 2 cannot include individual and household level 
variables because they are unknown at unsampled locations. However, the 
importance of individual level variables in characterizing malaria risk as was 
shown in paper 1, and may explain some of the residual spatial variation 
unexplained by the ecological model. 
Paper 3 and 4 explored strategies for pursuing elimination in a low 
transmission seting in Southern Province. Paper 3 determined individual, 
household and environmental factors associated with sustained ITN use in a 
longitudinal cohort of households visited between 2008 and 2013. ITN 
ownership and use remained high throughout the study period despite the 
declining transmission (from 8% to 2% between 2008 and 2013). Reported ITN 
use was higher in the rainy season, among participants who learned about 
malaria from a community health worker as opposed to not learning or learning 
from another source, in households that owned 3 or more nets, and ITN use 
decreased farther from health facilities (Paper 3). A sub-analysis of households 
visited between 2012 and 2013 found that nuisance mosquitoes also impacted 
ITN use. The total number of mosquitoes caught in the household, regardless of 
the genus, increased the report of ITN use. This was supported by the tabulation 
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of qualitative questions that ITN use was less likely if respondents reported few 
or no mosquitoes around (Paper 3). These findings can guide malaria control 
programs, specificaly ITN distribution campaigns, to improve ITN coverage and 
use in areas where transmission risk has declined. 
Paper 4 evaluated active case detection methods for malaria elimination in 
a low transmission seting. Curent interventions wil not be suficient to eliminate 
malaria; additional strategies may be necessary. The simulation of cross-
sectional cohort data in this area determined the eficiency of RACD and focal 
MDA in a low transmission seting. The results of Paper 4 found that a 
substantial proportion of infections are missed by passive surveilance; RACD 
would identify many additional asymptomatic infections and/or individuals that do 
not seek care, that test RDT positive first. However, some remaining infections 
wil be sub-patent and not detected via RDT. Although controversial, recent 
findings suggest sub-patent infections are stil capable of transmiting malaria 
and wil need to be targeted to achieve elimination. To treat these last remaining 
cases, a beter diagnostic test is necessary, or focal MDA may be implemented. 
Focal MDA would presumptively treat al individuals who reside within a given 
radius of a passively detected index household. Paper 4 underscores that 
curent methods wil not be suficient to eliminate malaria in most regions. 
Additional active surveilance methods and treatment options are critical for the 
elimination of malaria. 
7.2 Recommendations for Future Research 
 Future research should be conducted to expand upon the findings of this 
dissertation. The analyses presented in Paper 1 should be re-run to compare 
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results using PCR instead of RDT to determine malaria infection. Potentialy, 
RDT results are overestimating malaria prevalence; in high transmission setings, 
individuals may be antigenemic for up to two weeks after treatment, leading to a 
positive RDT result after parasite clearance. The analyses conducted in paper 1 
can be expanded to the longitudinal households; trends in the risk factors of 
malaria transmission over time wil aid in the understanding of transmission 
dynamics in such an endemic seting. A question regarding recent travel history 
was added to the survey used in this study in 2013; future analyses of malaria 
transmission in Nchelenge District should investigate the impact of recent travel 
on malaria infection. Overnight travel is often reported for migrant work as well as 
for social functions such as funerals in this region, and may contribute to 
spreading of malaria. Open wels and roads may be tested for anopheline 
mosquito larvae to determine if they are contributing to vector density in the area 
and may provide a target for vector control activities.  
The risk maps generated in Paper 2 provide a useful first step and 
baseline comparison for future research regarding risk mapping in this region. 
Malaria risk maps can be used for several activities, including targeting of IRS, 
targeting of vector control management, and identification of hot spots of 
transmission. A critical expansion of the methods and findings of Paper 2 would 
be to generate risk maps that can be available to national malaria control 
programs and based on free environmental data. Exploring methods to expand 
the findings from this risk map to incorporate surveilance data and free spatial 
data would make these findings generalizable and useful for guiding malaria 
	   175	  
control activities to the highest risk areas. Another area for future research is to 
generate risk maps using entomological data colected at this site. If certain 
environmental features predict vector-breeding sites, then these findings may 
provide beter targets for vector control activities. Lastly, risk maps may be used 
in simulation models to determine the impact of spatialy targeted interventions. 
Since the curent risk map only reflects variation by environmental features, 
future simulation models of household coverage of interventions may further 
explain variation in transmission at the individual or household level. 
In the low transmission seting, additional research is necessary on the 
best strategies to pursue malaria elimination. Paper 3 identified key factors that 
should be highlighted in ITN distribution campaigns in pre-elimination setings. 
For example, future research should examine the message of ITN campaigns 
and potentialy alter the message to promote ‘a good nights sleep’ and protection 
from nuisance mosquitoes, in addition to preventing malaria transmission. 
Additional research is necessary to determine the efective life span of an ITN in 
field setings, and ensure that new nets are distributed at appropriate intervals to 
maximize impact and minimize costs. Lastly, research is necessary to determine 
if ITN campaigns should be modified in extremely low transmission setings; 
some concern regarding insecticide resistance and changes in mosquito 
behavior due to ITNs should be explored further.  
 Paper 4 was limited because the analysis is based on simulated findings 
with certain assumptions. Future research using simulation models should 
include seasonal components, in order determine the impact of seasonality on 
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active case detection. Active surveilance methods should also include questions 
regarding recent overnight travel that may lead to importation of cases. 
Additional research should highlight the impact of RACD and/or targeted MDA 
under field conditions; likely, folow up wil not be perfect, there may be a lag 
between the detection of a case passively and the reaction at the household, 
there may be diagnostic or drug stock outs, and al individuals may not be home 
at the time of the reaction visit. Access may be impaired during the rainy season, 
limiting home visits. Additional research is necessary to determine the impact of 
sub-patent infections and the best method to treat them. A diagnostic tool that 
can detect very low parasitemia, or a vaccine, would be best; until then, the 
impact of targeted MDA should be explored. The exact anti-malarial (idealy one 
with gametocidal properties) to use and what dosage remains undecided; future 
research in this area should also determine the potential for adverse events and 
the acceptance of this practice by the community. Additional research is being 
focused on how to target and treat every remaining infection in order to pursue 
the goal of malaria elimination. 
7.3 Policy Implications 
 This dissertation has several policy implications for malaria control and 
elimination. Findings from paper 1 and 2 can guide targeting of interventions to 
the highest risk populations and geographic areas. The finding in paper 1 that 
school age children are at highest risk of malaria may suggest the exploration of 
school-based interventions or school-based MDA. The findings from paper 2 may 
be expanded to generate large-scale, high-resolution risk maps for regional use. 
Risk maps are recommended by the WHO for the targeting of vector control 
	   177	  
activities such as IRS, because targeting these activities to high-risk areas is 
significantly more cost-efective with maximal impact. Overal policy implications 
for Nchelenge District are the targeting of interventions to the highest risk 
population and geographic areas to control the burden of malaria. 
 Findings from paper 3 and 4 have policy implications for pursuing the goal 
of malaria elimination. The finding that ITN use remains high in a low 
transmission seting is promising. Despite reduced perceived risk, individuals in 
the region continue to report high ITN use. Findings from paper 3 suggest that 
curent education campaigns and distributions are achieving high coverage and 
encouraging sustained use of ITNs. The finding that nuisance mosquitoes 
increase ITN use may be integrated into curent education campaigns. The 
findings from paper 4 that both asymptomatic, RDT-positive infections and RDT-
negative, PCR-positive sub-patent infections cluster around passively detected, 
index cases is critical in guiding research on active surveilance and elimination 
strategies. The presence of sub-patent infections in the study area suggest 
RACD wil not treat every last infection and additional research regarding focal 
MDA is necessary. The WHO recommends pursuing active case detection 
strategies that target asymptomatic and sub-patent infections, as these are able 
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• Data cleaning, management and analysis using large relational dataset 
comprised of surveilance data from 2000-2010 matched between HIV, 
communicable disease, and vital statistics registries. 
 
Epi Scholars Felow 
NYC Dept of Health and Mental Hygiene, New York. NY, Summer 2012-2013 
• Led and organized data cleaning and management of a relational dataset 
comprised of HIV, STD, Hepatitis B, Hepatitis C, and Tuberculosis surveilance 
data colected from 2000 to 2010 in NYC. 
• Colaborated with epidemiologists and program managers from various bureaus 
within the NYC Department of Health, specificaly Bureau of HIV/AIDS research 
and Communicable Disease. 
• Generated and executed data analyses in SAS, SaTScan, and ArcGIS software. 
• Developed and generated internal presentations, conference presentations and 
internal documents regarding deterministic match methodology and initial 
findings. 
 
Research Assistant/Data Analyst 
Johns Hopkins University, Baltimore, MD, Spring 2011-2013 
• Developed and implemented of analysis of spatial data regarding eye disease 
(glaucoma, macular degeneration) and distances individuals travel from their 
home, supervised by Dr. Frank Curriero. Analyses and data cleaning in R 
software and ArcGIS.  
 
Research Assistant/Data Analyst 
Earth Institute. New York, NY, Fal 2009-2010       
• Managed, cleaned and analyzed data from the Milennium Vilages Project 
relating to tuberculosis control at each of twelve sites across Africa. 
• Compiled, generated and edited presentations, internal reports, and annual 
report of initial findings from findings from each site. 
 
Field Researcher 
University of Buenos Aires. Buenos Aires, Argentina, Summer 2009  
• Assisted with parasitological analyses and PCR assays on projects regarding 
Chagas disease transmission.  
• Conducted fieldwork to capture sylvatic mammals; assisted with colection and 
testing of samples for Chagas disease, leishmaniasis, and rabies.  
• Developed and initiated an analysis plan regarding factors associated with 
congenital Chagas transmission. 
   
Data Analyst 
Feinberg School of Medicine, Chicago, IL Fal 2007- 2008          
• Data analyst for the national coronary artery risk development in young adults 
(CARDIA) study Chicago site.  
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• Tabulated and analyzed data, created powerpoint presentations for internal and 
external reports on incoming data. 
• Assisted with generating analysis plans and conducting statistical analyses for 
reports and presentations using CARDIA data. 




Nelson Mandela Metropolitan University, Port Elizabeth, South Africa  
• Implemented original research to determine how nutrition, specificaly vitamin 
supplementation, interacts with anti-retrovial therapy among HIV positive 
individuals living in Port Elizabeth, South Africa. 
• Developed data colection and analysis methods; colected and cleaned data in 
the field, conducted interviews, generated analysis plan carried out using STATA 
software. 
 
GRANTS AND AWARDS 
Special Projects Grant (2014) 
• $25,000 awarded by the International Center for Excelence in Malaria Research 
(ICEMR) for southern Africa to carry out research regarding risk mapping for 
targeted indoor residual spraying. 
Johns Hopkins Malaria Research Institute Pre-doctoral Felowship (2013). 
• Awarded by the Johns Hopkins Malaria Research Institute for two years of pre-
doctoral research. 
Epi Scholars Felowship (2012). 
• Awarded by the New York City Department of Health to work with the Program 
for Colaboration and Service Integration (PCSI) project in the Division of Disease 
Control at the NYC Department of Health. 
Field Placement Grant (2011). 
• Awarded by the Center for Global Health at Johns Hopkins University for 
independent research in Zambia. 
Maternal Infant Health Predoctoral Felowship (2011). 
• NIH Felowship awarded for relevant coursework and research. 
Global Health Research Grant (2009) 
• Awarded by Columbia University for independent summer research project. 
Undergraduate Research Grant (2006). 
• Grant awarded by Northwestern University to conduct independent research.  
 
PUBLICATIONS 
Peer Reviewed Publications  
1. J. Pinchoff, J Chipeta, GC Banda, S Miti, TM Shields, FC Curriero, WJ Moss. Spatial 
Clustering of Measles Cases During Endemic (1998-2002) and Epidemic (2010) Periods 
in Lusaka, Zambia. BMC Infectious Diseases (revise and resubmit). 
 
2. C Prussing, C Chan, J Pinchoff, L Kersanke, K Bornschlegel, S Balter, A Drobnik, J 
Fuld. HIV and Viral Hepatitis Co-infection in New York City, 2000-2010: Prevalence and 
Case Characteristics. Accepted at Epidemiology and Infection. 
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3. J. Pinchoff, A Drobnik, K Bornschlegel, S Braunstein, C Chan, JK Varma, J Fuld 
(2014). Deaths Among People with Hepatitis C in New York City, 2000-2011. Clinical 
Infectious Diseases. 58: 8 
 
4. A Drobnik, J Pinchoff, G Bushnel, S Ly, J Yuan, JK Varma, J Fuld (2014). Matching 
HIV, Tuberculosis, Viral Hepatitis, and Sexualy Transmited Diseases Surveilance Data, 
2000-2010: Identification of Infectious Disease Syndemics in New York City. Journal of 
Public Health and Management. 20(5), 506-512 
 
5. F. Curriero, J.Pinchoff, SW van Landingham, L Ferucci, DS Friedman, P Ramulu. 
Alteration of travel paterns with vision loss from glaucoma and macular degeneration. 
JAMA Ophthalmology. 
 
6. J. Pinchoff, M. Carnethon, T. Church, A. Hankinson, D.R. Jacobs, Jr., C.E. Lewis, 
P.J. Schreiner, B. Sternfeld, O.D.Wiliams, S. Sidney. (2008) The association of physical 
activity and fitness levels with bone density: CARDIA Fitness Study. American Journal of 
Epidemiology. Vol 167 supplement 11. (Abstract) 
 
7. Ravosa Mathew, Kunwar Ravinder, Nicholson Elisabeth, Klopp Emily, Pinchoff 
Jessie, et al (2006). Adaptive Plasticity in Mammalian Masticatory Joints. Proc of SPIE. 
6318  
 
8. Ravosa, Mathew, Klopp Emily, Pinchoff Jessie, et al (2007). Plasticity of 




1. Matching New York City Viral Hepatitis, Tuberculosis, Sexualy Transmited Diseases 
and HIV Surveilance Data, 2000-2010. Epi Research Report, October 2013. 
htp:/www.nyc.gov/html/doh/downloads/pdf/epi/epiresearch-PCSI.pdf 
 
POSTERS AND PRESENTATIONS 
1. Spatial paterns of malaria transmission over one year in a clinic catchment area 
of Chongwe District, Zambia 
Oral Presentation at American Society for Tropical Medicine and Hygiene 
Conference 
New Orleans, LA        2014 
 
2. Individual and Household Level Factors Associated with RDT-Positivity in a High 
Malaria Transmission Seting of Northern Zambia, 2012- 2013 
Poster Presentation at American Society for Tropical Medicine and Hygiene 
Conference 
New Orleans, LA        2014 
 
3. Spatial Prediction of Malaria Risk in a High Transmission Area of Nchelenge 
District in Northern Zambia, 2012-2014 
Poster Presentation at American Society for Tropical Medicine and Hygiene 
Conference 
New Orleans, LA        2014 
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4. Individual and Household Level Factors Associated With Insecticide Treated 
Bednet (ITN) Use Between 2008 and 2013 in a Low Malaria Transmission 
Seting of Southern Zambia 
Poster Presentation at American Society for Tropical Medicine and Hygiene 
Conference 
New Orleans, LA        2014 
 
5. Factors associated with sustained use of bed nets in a region of declining malaria 
transmission in southern Zambia: A longitudinal study 2008-2012 
Oral presentation at the Zambian National Health Research Conference 
Lusaka, Zambia         2013 
 
6.  Spatial clustering of measles cases during the 2010 outbreak in Lusaka, Zambia  
Poster presentation at the Zambian National Health Research Conference  
Lusaka, Zambia        
 2013 
 
7.  Using cross- matched surveilance data to describe persons with HIV-Hepatitis C 
(HCV) co-infection and persons with HIV-Hepatitis B (HBV) co-infection in New 
York City, 2000-2010 
Oral presentation at the Council for State and Territorial Epidemiologists Annual 
Research Meeting  
Pasadena, CA        2013 
 
8. Reportable infectious diseases among people with tuberculosis in New York City, 
2000-2010 
Poster presentation at the Council for State and Territorial Epidemiologists 
Annual Research Meeting  
Pasadena, CA        2013 
 
9. Mortality among people with Hepatitis C And HCV/HIV co-infection in New York 
City, 2000-2011 
Poster presentation at the American Public Health Association Annual Research 
Meeting 
Boston, MA         2013 
 
10. Trends in HIV/Hepatitis C co-infection among men who have sex with men 
(MSM) in New York City (NYC), 2000-2010 
Poster Presentation at the ID Week Annual Research Meeting 
San Francisco, CA        2013 
 
11. Causes of death among people with Hepatitis C in NYC, 2000-2011 
Poster presentation at the ID Week Annual Research Meeting 
San Francisco, CA        2013 
 
12. Trends in Hepatitis C and liver related causes of death among people with 
Hepatitis C infection in NYC, 2000 to 2010 
Poster presentation at the ID Week Annual Research Meeting 
San Francisco, CA        2013 
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13. Do Individuals With Glaucoma And/or Macular Degeneration Restrict Their 
Travel Outside The Home To More Nearby Locations?  
Poster presentation at the Association for Research in Vision and 
Ophthalomology Annual Research Meeting 
Fort Lauderdale, FL        2012 
 
14. The association of physical activity and fitness levels with bone density: CARDIA 
Fitness Study.  
Poster at the American Hearth Association Annual Research Meeting 
Chicago, IL         2008 
 
TEACHING SKILLS 
Teaching Assistant, Johns Hopkins Bloomberg School of Public Health, Baltimore MD, 
2010-2013 
 Global Disease Control Policies and Programs (classroom) 
 Global Disease Control Policies and Programs (online) 
 Spatial Analysis and GIS  
 
SKILLS AND INTERESTS 
• Speak fluent Spanish.  
• Skiled in STATA, R, SAS, SaTScan statistical analysis software 
• Skiled in ArcGIS, Microsoft Ofice (Powerpoint, Excel, Word, Access), Endnote 
reference software. 
Interest in spatial epidemiology, multi-level modeling, time series analysis and infectious 
diseases 
